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Abstract – Weather forecasting is based on the use of 

numerical weather prediction (NWP) models that are able to 
perform necessary calculations that describe/predict major 
atmospheric processes. Numerical weather prediction advances 
have been always very closely related with advances in 
computing infrastructure. Consequently, new computational 
technologies and facilities are exploited to boost the 
development of numerical weather prediction applications on 
different computing platforms. This paper describes the Source-
sink model implementation that is significantly accelerated 
using accelerator based on DataFlow architecture. In our 
implementation, the algorithm execution time exploiting 
Maxeler MaxCard is 50 times shorter than the execution time 
on the Intel i3 based PC. 

I. INTRODUCTION 
Atmospheric computer model is a computer representation 

of processes in the atmosphere. These processes are 
mathematically described by ordinary and partially 
differential equations which are in computer models typically 
approximated with finite-difference method [[4]]. There are 
number of sequential Finite-difference method 
implementations and their algorithm complexity is most 
often O(n2). 

The Eta Model is a state-of-the-art atmospheric model used 
for research and operational purposes [[2]]. The model is a 
descendent of the earlier HIBU (Hydro-meteorological 
Institute and Belgrade University) model, developed in the 
seventies in the former Yugoslavia. In the eighties, the code 
has been upgraded to the Arakawa-style horizontal advection 
scheme. Arakawa-style grid is a rectangular grid used for 
Earth system models, especially for meteorology and 
oceanography. After Arakawa style, the code has been 
rewritten to use the eta vertical coordinate [[11]], and 
subsequently, at NCEP (National Centers for Environmental 
Prediction), supplied with an advanced physics package 
[[9]]. It became officially operational at NCEP on June 8, 
1993 [[7]], and was operational until 2003. In its various 
versions, the model has been and/or is widely used in 
numerous countries of Europe, Asia and North America. 

The Source-sink model is a shallow-water equations model 
defined on Arakawa E-grid that represents the core of Eta 
model. It models the process of geostrophic adjustment 
present in the Eta model. 
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Simulation of atmospheric models requires processing 
large amounts of data. It is always hard to work with big data 
problems because they require much processing power. The 
increase of processors clock frequency causes the increase of 
power consumption and the heat. These problems are hard to 
solve, so implementations are now turning to parallel 
processing to improve performance. Parallel processing is 
simply the ability to execute multiple operations or tasks 
simultaneously. One form of parallel processing is a simple 
use of more than one CPU to execute the program. In 
practice, it is difficult to divide program in a way that every 
CPU executes its part of the code without interfering with 
each other. Recently, the hardware designers have been 
investigated other technologies to overcome these limitations 
of standard microprocessor technology. A very efficient 
paradigm is the dataflow computing which is relying on 
FPGA hardware accelerators. The basic idea is to consider an 
application as dataflow graph of executable actions. When 
operands become valid, the action is executed and result is 
forwarded to the next node in graph. Maxeler Technologies 
is one of the leading vendors in this domain and it provides 
hardware platform and tools for easy development of 
applications utilizing dataflow architecture [[1]], [[5]]. 

Because of atmospheric models computation nature, these 
models are very suitable for parallelization. This paper 
presents implementation of parallelization of the Source-sink 
model utilizing dataflow based accelerators provided by 
Maxeler Technologies. 

In Problem Statement part, we presented more details about 
Eta model, Source-sink model as the core of the Eta model 
and Maxeler FPGA accelerator cards as a technology that is 
used for implementation. Section Implementation describes 
details of implementation of Source-sink model on a 
MaxCard. Analysis of Results shows an overview of 
performance and accuracy measurements that were 
performed.  

II. PROBLEM STATEMENT 

A. ETA MODEL 
The name of the model derives from the Greek letter η (eta) 

which denotes the vertical coordinate, one of the model 
features, defined as: 

ηs = (pref(zs)-pt) / (pr(z=0)−pt)  (1) 
 

where p is the atmospheric pressure. The indices s and t 
refer to the surface and the top of the model atmosphere, 
respectively. The index ref refers to a prescribed reference 
atmosphere, and zs is the surface height. The model 
orography is formed of steps. The steps can have slopes in 
the current version. Model variables are distributed on an 
Arakawa E-grid. Major features of the Eta dynamical core 
are: the eta vertical coordinate, resulting in quasi-horizontal 



coordinate surfaces, and thus prevention of pressure-gradient 
force errors due to steep topography which can occur with 
terrain-following coordinates; forward-backward scheme for 
time differencing of the gravity-wave terms; the Arakawa 
approach in space differencing, with conservation of 
enstrophy and energy; energy conservation in 
transformations between the potential and the kinetic energy 
in space differencing; and option to run the model in a non-
hydrostatic mode. The model physics package Comprises of: 
convection schemes; cloud microphysics; radiation scheme; 
land surface scheme with 12 types of vegetation and 7 types 
of soil texture, 4 soil layers; turbulence and PBL: Mellor-
Yamada 2.5, and Monin-Obukhov similarity theory in the 
surface layer, with Paulson stability functions. While the 
primary use of the model has been for regional weather 
prediction and NWP type applications, the model has, also, 
been very successful in regional climate and seasonal 
prediction applications. 

 

B. SOURCE-SINK MODEL 
Source-sink model (SSM) is a shallow-water equations 

model defined on Arakawa E-grid (Figure 1) [[1]]. It models 
the process of geostrophic adjustment present in the Eta 
model. E-grid is a superposition of two C-grids. Numerical 
solving of geostrophic adjustment produces a noise in 
numerical solution as a separation of solutions on two C-sub-
grids of the E-grid occurs. In SSM and Eta model numerical 
techniques are used to filter out the noise from the numerical 
solution. Forward-backward scheme for time differencing of 
the gravity-wave terms is modified so as to suppress 
separation of solutions on two C-sub-grids of the Eta model’s 
E-grid [[10]][[8]]. 

 
SSM models two parameters: height (mass, pressure) and 

speed of fluid. Algorithm (Figure 2) has four main 
components: continuity equation, updating the height, 
equation of motion, and updating the speed. Every 

component’s output is the next component’s input and the 
latest component’s output is the first component’s input. One 
iteration of the algorithm corresponds to one step in time 
[[3]]. 

 
Figure 2: Source-sink model algorithm 

 
Continuity equation takes the speed for its input and gives 

the speed gradient which is used to update the height. These 
new height values are then used as input to the motion 
equation, which gives the height gradient. As the last step, 
new speed values are calculated from the height gradient and 
the Coriolis effect. 

 
C. Technology 

Dataflow machines showed great efficiency and speed up 
for big data problems, and weather forecast analysis certainly 
is one of them. Control flow is a model of computation in 
which program's source code is transformed into a list of 
instructions for particular processor. These instructions then 
move through processor and execute. This model is 
inherently sequential and performance depends of CPU clock 
cycle and memory latency. Modern processors contain cache 
memory, forwarding and predicting logic for improving 
efficiency. In dataflow paradigm we describe the operations 
and data choreography for a particular algorithm. Data is 
read from memory and then passed from one arithmetic unit 
to another until the processing is complete. Dataflow cores 
compute only a single type arithmetic operation which 
enables us to fit thousands of cores on one dataflow engine. 
Data dependencies are resolved statically at compile time. 
There are no instructions, so there is no need for instruction 
decode logic, instruction caches, branch prediction etc., and 
because of this, full resources of the chip can be used for 
performing computation (Error! Reference source not found.) 
[[5]].Significant acceleration can be gained using dataflow 
machines but in return but we need to invest more time in 
programming them. We used MaxCards because they are 
easier to program then other FPGAs. MaxCompiler is the 
application that generates a dataflow implementation of 
given problem programmed in MaxJ, which is a version of 
Java that adds operator overloading semantics to the basic 
Java language [[5]]. 
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Figure 1. Variables arrangement on the Arakawa grids 



 

Figure 3: Architecture of MaxCard connected to Host PC 

 
III. Implementation 

Original implementation of source-sink model that we ported 
to a dataflow engine was written in FORTRAN. FORTRAN 
is most frequently used for atmospheric research, but its 
dominance is mainly for historical reasons. The first models 
were coded in FORTRAN and parts of those models are 
commonly used in new models. For analysis we translated 
FORTRAN code into C programming language. Results of 
this paper are performance and accuracy comparison 
between algorithm in C and its dataflow implementation 
ported on MaxCard. Actual model is working on three sets of 
a half a million data points each: height (h) and two speed 
components (u and v). These sets are shown in matrices 
dimensions IMxJM, where IM is number of rows, and JM is 
number of columns. The computing is evenly distributed 
among all the loops, so the only way to achieve a 
performance gain is to implement the whole model in a 
Dataflow Engine (DFE).First task was to implement a 
function that converts matrix into an array by taking columns 
one by one and concatenating them. Matrices h, u and v 
converted into arrays represent input streams for the 
MaxCard. In each chip clock cycle, one new value from each 
input stream enters the MaxCard. The algorithm of 
continuity equation is shown in Figure 4. 

 
Figure 4: Continuity equation 

The new value of element on position [i ,j] in result 
matrices uxvy, Lputa, and Lplus do not depend only on 
elements in the same position in matrices up, vp and h, but 
on their neighbor elements as well. Therefore it was 
necessary to modify the algorithm to locate elements which 
are needed for computation in array instead in matrix. For 
example, for computing element uxvy[i, j], where i is number 
between 1 and IM-1, and j is even number between 2 and 
JM-2, we will need elements of matrices up, and vp on 
positions  [i-1, j+1], [i-1, j], [i, j], and [i-1, j-1]. If we want to 
do the same thing with arrays, the element uxvy[i, j] would 
be uxvy[i+j*IM] and the elements for computation would be 
[i-1+j*IM], [i-1], [i+j*IM], and [i-1+(j-1)*IM]. The order of 
elements after converting matrix into an array is shown in 
Figure 5. Matrix elements which are needed to compute 
value marked with red ellipse are marked with blue octagons. 



 
Figure 5: Converting matrices to arrays 

Maxeler Kernel is hardware implementation of 
computations needed within an algorithm. To implement this 
algorithm on Maxeler Kernel, we used Stream offsets. They 
allow us to access past and future elements of data stream. 
Window of data is distance from largest to smallest offset 
that is held in the dataflow engine [[5]]. A Maxeler Kernel 
element up[i-1+j*IM] would be accessed using function 
stream.offset(up, -1+IM). The main difference is that we do 
not need i and j values because we address other elements 
relative to the current element in stream. But we need to 
know current element position in a stream so we can decide 
which formula to use. That is why we have a counter which 
increments every time new value enters the Kernel. 
Depending on output of combination logic whose inputs are 
values of counters, Kernel decide which formula to use to 
compute a result. 

A result of one pass of data through the Kernel is the same 
as the result of one iteration of an algorithm. MaxCard is 
connected to the PC via PCI Express slot. This is often a 
bottleneck because of data transfer between MaxCard and 
PC. For a 24 hours computation with a step of 112 seconds, 
we would need to transfer data between MaxCard and PC 
771 times, which is very time-consuming. Solution for this 
problem lies in the use of MaxCard DRAM. DRAM is a 
large external resource of memory, which enables us to keep 
data local to the board and iterate over data by using FPGA 
(Figure 6) [[6]]. Data can be stored in DRAM from both PC 
and MaxCard. This way, before starting the Kernel, we can 
store data in DRAM from PC. The Kernel reads data from 
DRAM and after every execution write them back into 
MaxCard DRAM. After the last run of the Kernel, the results 
should be transferred from DRAM back to PC. With this 
approach we achieved acceleration of 24-50 times. 

 
Figure 6: Connection between Host, DRAM and Kernel 

The model works with floating point numbers. In our 
dataflow implementation we used 32 bits floating point 

numbers, 8 bits for mantissa and 24 bits for exponent. The 
accuracy was 10-4 so we increased number of bits for 
mantissa to 11 and for exponent to 37 which gave us an 
accuracy of 10-6. This was the maximal accuracy we could 
achieve because of the lack of hardware resources that did 
not allow further increase of number of bits in the variables. 

IV. ANALYSIS OF RESULTS 
The obtained results can be observed from two aspects 

acceleration and accuracy. Measurements were performed 
executing algorithm written in C programming language on 
PC, and on MaxCard. Our test environment consists of a 
standard PC configuration with microprocessor Intel i3-540 
3.09 GHz and 4GB of RAM. MaxCard model is MAX2336B 
which belongs to the second generation of Maxeler 
acceleration cards. MaxCard is connected to the PC via PCI 
Express slot. Maxeler Max2 Acceleration Card resource 
summary and its comparison with Max3 Acceleration Card 
are given in Figure 7. 

LUT – LookUp table – a small combinational units that can 
be configured to implement any logical function 

FF – Flip-flops – used as registers 
BRAM – Block RAM – low latency on chip memory cell  
DSP – fast multiplication elements  
DRAM – onboard memory 

MaxCard LUTs FFs DSPs BRAMs DRAM DRAM 
bandwidth 

Max2 207360 207360 196 324 24 GB 28 GB/s 

Max3 297600 595200 2016 1064 48 GB 38 GB/s 

Figure 7: Max 2 and Max 3 resource summary 

First solution was to gather data from the host machine 
and, after computation, return all the data to host (in every 
iteration). This solution didn't use MaxCards DRAM, and it 
gave us speed up of approximately 4. 

Use of DRAM significantly increased speed of execution. 
Depending on accuracy, speed up was between 24 and 50 
times. That is why one of the major improvements for this 
application that Max3 card brings is DRAM bandwidth. 
Accuracy has strong influence on execution speed of C code. 
We can see the difference between execution speed on both 
MaxCard and CPU with 32, and 48 bits floating point 
numbers on MaxCard and single and double precision 
numbers on CPU (Figure 8) 



 

Figure 8: MaxCard and CPU time of execution 

 

Figure 9: MaxCard time of execution with 32 bits and 48 bits 
floating point numbers 

As we can see on Figure 9: MaxCard time of execution 
with 32 bits and 48 bits floating point numbers, the 
difference in speed between the two implementations on 
MaxCard is insignificant. Opposite to that, in C program, 
using 32 bits precision is almost two times faster than 64 bits 
precision. Values of execution times are presented in the 
table in Figure 10. Number of iterations is selected to 
represent number of iteration needed for 3, 7, 11, 15, 19, and 
23 hours simulation. Because of a so small difference 
between execution times on MaxCard in further analysis we 
will use only execution times for 48 bits precision on 
MaxCard. 

Number of Iterations 96 225 354 482 611 739 

CPU - 32b 14784 34226 53440 74706 94599 113999 

CPU – 64b 28310 66358 105291 145654 185297 224048 

MaxCard – 32b 646 1351 2127 2878 3543 4364 

MaxCard - 48b 742 1497 2221 2975 3728 4404 

Figure 10: Execution speed on CPU and on MaxCard [ms]  

The resulting acceleration when using MaxCard is between 
24 and 50 depending on data types used in host code, and it 
is shown on Figure 11. 

 

Figure 11: MaxCard and CPU execution time difference 

Algorithm works nearly 25 times faster on MaxCard 
comparing to CPU which works with 32 bits precision and 
around 50 times faster comparing to CPU with 64 bits 
precision. 

By comparing the results of executions of C code that 
works with 64 bits floating point numbers, and a MaxCard 
that works with 48 bits floating point numbers, we get 10-6 
accuracy. Critical resource that prevents further increase of 
accuracy are FFs. Use of newer Max3 card would enable us 
to further increase the accuracy. 

 

V. CONCLUSION 
The research in this paper presents efficient approach to 

solving big data problems using FPGA accelerators based on 
dataflow architecture provided by Maxeler technology. As a 
demonstration example we choose Source-sink model, core 
of the weather forecast Eta model. Previous works and 
experiences with Maxeler show that accelerators based on 
dataflow architecture are very efficient for problems that 
have the following characteristics: they are big data they are 
latency tolerant and they have large percent of execution 
time in loops.   

Increasing complexity of weather forecast simulations 
increases their accuracy, but also makes them more 
computational demanding and requires more execution time. 
By using MaxCard we gain acceleration of 50 times with 10-6 
accuracy. It is important to emphasize that these results are 
achieved using second generation of Maxeler accelerator 
cards, and that nowadays Maxeler offers the fourth 
generation of accelerator cards. The most important 
improvements in newer MaxCards are increased resources 
and increased bandwidth to MaxCard DRAM. In our 
application, critical resource for accuracy are flip-flops, and 
the newer generation of MaxCard with more resources of this 
type would allow us further increase of precision. This could 
be achieved by increasing number of bits we use for floating 
point numbers. Higher bandwidth to MaxCard DRAM would 
result in further acceleration, because it would speed up the 
transfer of data between the Kernel and the DRAM. 

Most of the problems that have large amount of matrix 
computations, such as Source-sink model, can be accelerated 
in this way. Acceleration depends mainly on data 
dependencies. The amount of data dependencies dictates how 
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much we will be able to adapt the algorithm to the dataflow 
architecture, in other words how much we can parallelize it. 
The more we parallelize the algorithm the more speed up we 
will achieve.  

Accelerators of this type could be very useful for 
Meteorological labs by enabling them to perform simulations 
much faster than using only CPUs. This approach also leads 
us to the idea of using accelerator as a service, so anybody 
could use it by connecting to it via internet connection. This 
could be very useful for smaller labs and researchers who 
cannot afford to buy their own one.  
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