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Abstract—Modeling transport and deposition processes of toxic materials in the 
atmosphere is one of the most challenging environmental tasks. These numerical 
simulations with dispersion models are very time consuming, therefore, their acceleration 
is extremely important. One possible, effective solution for increasing the computational 
time can be the parallelization of the source codes. At the same time, the technological 
improvement of graphics hardware created a possibility to use desktop video cards to 
solve numerically intensive tasks. In this study, we present a new and powerful parallel 
computing structure for solving different environmental model simulations using the 
graphics processing units (GPUs) with CUDA (compute unified device architecture). 
Two different types of dispersion models were developed and applied based on this
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technology: a stochastic Lagrangian particle model and an Eulerian model. We present 
and discuss the results and advantages of both methods. A Lagrangian particle model was 
applied to simulate the transport of radioactive pollutants from a point source after a 
hypothetical accidental release at local scale. In addition, an Eulerian model was used to 
simulate sulfur dioxide transport and transformation in the troposphere at regional scale. 
Moreover, in both cases, CPU and GPU computational times were also compared. We 
can achieve typical acceleration values in the order of 80-120 times in case of Lagrangian 
model and 30-40 times in case of Eulerian model using this new parallel computational 
framework compared to CPU using a single-threaded implementation. Next to the 
obvious advantages, the barriers o f this new method are also discussed in this study.

Key-words: environmental modeling; accidental release; air pollution; CUDA; GPU 
computing

1. Introduction

Protecting the environment and developing new green technologies are among 
the most important issues of the society that should be addressed in this century. 
Computer aided models already assist many aspects of our everyday life as well 
as our future, and are important drivers of our decisions. Their presence in 
environmental sciences continuously serves the society in short term practical 
decisions, e.g., through weather forecasts (Csima and Horányi, 2008) or air 
pollution modeling (Leelőssy et al., 2011; Mészáros et al., 2011) as well as in 
concluding global consequences affecting several generations, e.g., modeling 
and simulation of climate change and their impacts on global and regional 
environment (Bartholy et al., 2008; Torma et al., 2008). It is well-known that 
environmental model simulations must have a high degree of accuracy and must 
be achieved faster than in real time to be of use in decision support (Lagzi et al., 
2004; Mészáros et al., 2010). In the past few years, the graphics processing unit 
(GPU) has became a powerful tool for parallel computing and both performance 
and capabilities of GPUs have increased noticeably (e.g., Stone et al., 2007; Liu 
et al., 2008; Preis et al., 2009; Block et al., 2010; Komatitsch et al., 2010; Preis,
2011). NVIDIA created a parallel computing framework, the so-called compute 
unified device architecture (CUDA) to utilize this performance and simplify 
programming of general purpose computations (NVIDIA, 2011).

We have developed applications of GPU using CUDA framework for 
environmental studies serving as a basement for decision-making strategies. A 
stochastic Lagrangian model was developed on CUDA to estimate the transport 
and transformation of the radionuclides from a single point source during 
hypothetical accidental releases. With the Lagrangian particle model (Molnár et 
al., 2010) the dispersion of radionuclides was simulated in a 30 km radius circle 
around the Paks Nuclear Power Plant (Hungary). This advanced computational 
platform is used by the Paks NPP as a part of the nuclear safety system called 
TREX (Transport-Exchange) model (Mészáros et al., 2010, Molnár et al., 
2011). Our other environmental application of GPU with CUDA was the
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simulation of the atmospheric dispersion and transformation of sulfur dioxide 
using an Eulerian modeling system.

In this study, we present the efficiency and barriers of calculations on GPU 
in case of environmental tasks, compared the advantages of this new technique 
during the applications of Lagrangian and Eulerian modeling methods.

2. CUDA

The parallel computing model of CUDA is fundamentally different from 
previous parallel computers. Supercomputer architectures, clusters, and grids 
share the property that each node is responsible only for one, or a few number of 
threads (sequence of instructions), and generally, they may execute different 
computations. In contrast, a CUDA program defines thousands of threads for a 
single GPU, all of which are executing the same computation (the kernel 
function) on different data elements. These threads are lightweight in the sense 
that they only coordinate the distribution of the computational work to the 
physical computing units. Threads are grouped into blocks, which are always 
executed by a single multiprocessor. However, a GPU usually contains several 
multiprocessors, allowing many blocks (and threads within) to run 
simultaneously. On the level of multiprocessors, the threads of a block are 
executed in a time-sliced way in small batches called warps; different blocks are 
scheduled one after another on available multiprocessors. This scheduling and 
executing procedure takes place at every kernel launch, but gives practically 
zero overhead.

The two-level of splitting a computation into blocks, and further into 
threads is not arbitrary. Threads within a single block can synchronize their 
execution using a barrier, and they may share data via the common shared 
memory (Fig. 1). However, threads from different blocks cannot communicate 
with each other directly, because the order of block allocation and execution on 
multiprocessors is arbitrarily decided by the GPU. The only guaranteed barrier 
between executions of blocks is the completion of a kernel function: a new 
kernel is not launched until all blocks from the previous kernel launch are 
finished.

There are many memory resources available, optimized for various 
purposes on the video card. The most important is the global memory, which is 
essentially the large RAM available on the video card (Fig. 1). It can be 
accessed by any threads at any time, and it is responsibility of the programmer 
to avoid writing the same address at the same time. This is where the main data 
of the computation is located. From here, threads read the data, process it, and 
write back the results during a kernel execution. Further, there are cached 
memory areas, which provide read-only data for the threads. These are 
optimized for a specific reading pattern, e.g., the constant memory is optimized
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to provide data to all threads at the same time, the texture memory is optimized 
to provide interpolated sampling of 2D or 3D data in a localized region for 
threads of the same block (Fig. J). All of these memory areas are accessible 
from the host (the CPU-part of the program).

Fig. 1. The structure of a video card.

In order to create optimal CUDA applications, one needs to understand the 
proper usage and limitations of resources, and follow development guidelines, 
which are detailed in the programming guide of CUDA (NVIDIA CUDA 
Programming Guide). Here we only provided a brief overview of the most 
important features that will be explicitly mentioned in our applications.

3. Models

3.1. Lagrangian particle model

A stochastic Lagrangian particle model was developed for simulating accidental 
release of radionuclides on local scale. This model type has an advantage on 
local scale simulations, because it can handle steep gradient of emitted species 
near a point source (Bartnicki et al., 2003; Lepicard et al., 2004; Molnár et al., 
2010). In the Lagrangian model, individual particles are released from a point 
source in each time step. Each particle represents a given mass or activity, and 
they can be moved in space by advection (wind held) and turbulent diffusion, 
they can transform to other species (by radioactive decay), and particles can be 
removed from the atmosphere to the surface via dry and wet deposition 
pathways. This means that the model is continuous in space and discontinuous
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in time. In this model, the advection is deterministic, but the effect of the 
turbulent diffusion is stochastic. The new spatial position of the particles can be 
calculated by the following equations:

( 1 )

where X"e"’ and X"u are the spatial coordinates of particles after and before the 
time step, respectively, vf'' is the z'th coordinate of the wind velocity vector, At 
is the time step (10 s in the model simulation). The last term in the Eq. (1) ( x ) 
describes the effect of stochastic, turbulent processes, and i denotes the spatial 
dimension (i= 1,2, 3). The stochastic term is calculated by

Random numbers (rand) with normal distribution (with mean 0.0 and variance 
1.0) were generated using Mersenne Twister random number generator and 
Box-Muller transformation. Kt is the turbulent diffusion coefficient in each 
direction. For horizontal dispersion a constant value was used 
( K x =  K r = 100 m2s"‘). Vertical diffusion coefficient ( K , )  depends on the height, 
and it was calculated using the Monin-Obuhov similarity theory.

Released radioactive particles can decay and deposit by dry and wet 
pathways. The probability that individual particles during a time step At  will 
decay or deposit can be estimated by the following relation:

where k is either the radioactive decay constant or wet or dry deposition 
constant. These constants depend on the chemical nature of the toxic species. 
During dry deposition, particles can deposit below the mixing layer height. Wet 
deposition occurs only in case of precipitation.

Implementing a single-threaded CPU version of the model is 
straightforward. Assuming that the emission profile (the amount of emitted 
particles in every time step) for all species and the maximum number of 
particles released during the simulation are known, activities or masses can be a 
priori assigned to the particles. The maximum number of particles is the 
dominant variable that affects simulation time and precision. It is limited only 
by available memory. In every iteration, the main steps for every particle are the 
same: interpolating (sampling) meteorological data obtained from a numerical 
weather prediction model in x, y, z, and time dimensions using linear

( 2)
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interpolation, calculating the turbulent diffusion coefficient, moving the particle 
by the wind, then by turbulent diffusion, and finally testing for dry and wet 
depositions. Particles may become inactive, meaning they are no longer moved 
by wind or turbulent diffusion, when the particle is deposited or it reaches the 
predefined boundaries of the simulated area. Activities or masses of particles 
were summarized on a rectangular grid for visualization and further statistical 
evaluation.

In the parallelized CUDA version of the program, we utilize the various 
memory types available. Meteorological data are loaded into three-dimensional 
textures, to utilize the hardware-implemented trilinear interpolation. Since the 
meteorological data are four-dimensional (3 space and 1 time), an extra 
interpolation step is necessary. Using texture memory is also useful because the 
plume usually propagates in a specific direction, giving the required spatial 
locality for the texture cache to work efficiently. Physical constants of the 
isotopes are loaded to constant memory. Shared memory is used for caching the 
particle data (position, state information). The data is loaded from global 
memory to shared memory when a kernel starts, and written back at the end, if 
data was modified.

The calculations in each time step are done by two kernel functions. First 
step is generating random numbers, using the Mersenne Twister random number 
generator. A large buffer (on the GPU) is used to store the numbers, because the 
random number generator works more efficiently if large amount of numbers is 
asked for at once. The second step is the main kernel. Each thread is responsible 
for updating the status of a single particle. First, particle information and random 
numbers are loaded from global memory to shared memory. Second step is 
sampling the meteorological data, interpolating in vertical direction, and 
calculating the turbulent diffusion coefficient using the Monin-Obukhov 
similarity theory. These results are stored in shared memory. Next step is 
moving the particles by wind field and turbulent diffusion, and testing for 
radioactive decay and deposition. This step uses the interpolated outputs of 
weather prediction model and the random numbers for calculation of turbulent 
motion, radioactive decay, and stochastic deposition. The final step is writing 
the changed particle information back to global memory.

3.2. Eulerian model -  solving reaction-advection-diffusion equations

Solving reaction-advection-diffusion equations fits to the architecture of CUDA 
as well. The atmospheric reaction-advection-diffusion equation can be written in 
the following form:

— = —V (uc) + KV2c + R + E -  D , (4)
dt
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where c is the concentration of the chemical species, u is the 3D wind velocity, 
K is the turbulent diffusion coefficient, R is the reaction term, which usually 
contains non-linear functions, E is the emission term, and D is the deposition 
term, which usually contains the effect of the dry and wet deposition processes. 
Solving diffusion-advection equations to describe the spread and/or 
transformation of air pollutants is a very time consuming computational task. 
The numerical simulations must be obviously achieved faster than in real time in 
order to use them in decision support. A feasible way is the parallelization of the 
source code using supercomputers, clusters, GRID, or GPU (Martin et al., 1999; 
Alexandrov et al., 2004; Lovas et al., 2004).

During our simulations, a standard “method of line” technique was used to 
solve Eq. (4). The “method of lines” technique has two consecutive steps, the 
first is a spatial discretization of the partial differential equations followed by a 
temporal integration of the produced ordinary differential equations with an 
upwind approximation to provide a stable solution.

Our Eulerian model has 32 horizontal layers and each layer contains 96x90 
equidistant grid cells (this mesh covers the central part of Europe). No-flux 
(Neumann) boundary condition was applied for chemical species at the 
boundary of the computational domain. Meteorological data (wind field, surface 
temperature, cloud coverage, relative humidity, mixing layer height) were 
obtained from the ALADIN limited area weather prediction model operated at 
the Hungarian Meteorological Service. The model calculates the energy balance 
and the Monin-Obukhov length from which the vertical turbulent diffusion 
coefficient can be estimated. The vertical turbulent diffusion coefficient plays an 
important role in the vertical mixing of pollutants. Therefore, its 
parameterization is one of the most important tasks in the air pollution 
modeling. However, it should be noted that the contribution of the horizontal 
turbulence to the mass transport of pollutants comparing to the effect of the 
advection is negligible. Horizontally, the transport is mostly governed by the 
wind field.

In the CUDA implementation, concentrations of the species in a simulation 
can be stored in global memory on the device. We can assign computation of the 
next time level to a kernel function, assigning threads to compute individual grid 
points. The rectangular space represented by the grid points can easily be split to 
smaller parts, which can be assigned to blocks. Shared memory within a block 
utilized in the approximation of the spatial derivatives, because this computation 
requires data which belongs to neighboring grid points (and threads). Physical 
constants and other parameters of a simulation can be stored in the constant 
memory.

The communication between threads, required by the computation of 
spatial derivatives, gives a challenging optimization task. Access to the 
shared memory must be coordinated by barrier synchronization, and for 
optimal execution, the bank structure of the shared memory must be
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considered as well. Further, in order to provide communication between 
spatially neighboring blocks, a layer of grid points must overlap between the 
blocks. This gives non-contiguous memory addressing of grid points in the 
threads of blocks, which causes a significant performance drop on the first 
generation of CUDA devices. A sophisticated solution (Molnár et al., 201 1) 
is required to maintain optimal performance. Nevertheless, the coordination 
and communication between threads gives a significant (but unavoidable) 
overhead to the computations.

4. Results

Since the particles (in fact particle packages) are independent in the Lagrangian 
model, there is no communication, and therefore, no synchronization is 
necessary between threads. This allows us to split the computation arbitrarily on 
a very fine-grained level, specifically, in a way to best fit to the capabilities of 
the GPU. Additionally, the trilinear interpolation provided by the hardware 
significantly reduces the amount of computation needed per particle, while this 
is a necessary computation on the CPU. These factors lead to about 80-120 
times speedup on a first-generation device (GeForce 8800GTX) and about 100— 
140 times speedup on a second-generation device (GeForce GTX 275) 
compared to the single-threaded CPU computation (on a 2.33 GHz Core 2 
CPU). This means, for example, that in case of an accidental release, a 
Lagrangian particle model simulation takes 2 hours on CPU, but it decreases to 
only 1 minute using GPU.

Fig. 2 shows an example of the plume structure and the deposited amount 
of the 1-131 isotope originated from the Paks Nuclear Power Plant in a 
hypothetical accidental release. For this simulation the stochastic Lagrangian 
particle model was used. In the figure, the structures of a radioactive plume in 
a homogeneous wind field at different wind velocities are presented. It can be 
noticed that a Lagrangian particle model can also be used at low wind velocity, 
where the traditional Eulerian or Gaussian models cannot handle the extremely 
steep concentration gradient of chemical species near the point source. This 
low wind speed causes unpredictable plume profile in Gaussian models and 
numerical instability in Eulerian models near the source due to the high 
concentration gradients. Therefore, this approach can be successfully used to 
describe the air pollution transport from a single, but strong emission source 
even in regional scale.
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v= 1 m/s v = 2.5 m/s v = 10 m/s

Fig. 2. Accidental release of 1-131 isotope at the Paks Nuclear Power Plant using a 
stochastic Largangian particle model at different wind velocities.

At the same time, in regional scale, the Eulerian models could be more 
appropriate tools for dispersion simulations, as they can more easily handle the 
3D meteorological fields on a previously defined grid. To illustrate the capacity 
and power of Eulerian models, we developed a model, which can calculate the 
spread and chemical transformation of air pollutants in the atmosphere. Here, we 
present the results of model simulations for sulfur dioxide (SO2) emitted from 
area sources. Emission inventory of the European Monitoring and Evaluation 
Programme (EMEP) for S02 was used and converted from the EMEP to the 
model grid (Fig. 3), and we supposed a continuous emission rate in the 
simulations. The exact heights of the emission sources are unknown, therefore, 
we assumed that the emitted amount of S02 was distributed evenly in the model 
layers in the lower 100 m. A simple, first order chemical reaction was 
considered to describe the transformation of S02 to sulfate aerosol (R = -k rc\ kr = 
1.083x10”'' s_1) (Luria et al., 2001; Woo et al., 2003), and dry deposition was 
also considered as a first order chemical reaction (D = kdryc; ^  = 6.38x10 4 s”1). 
A homogeneous initial condition was used in the domain with [S02]o = 0.01 
mg/m3.

Fig. 4 shows the spatial distribution of the S02 in the surface layer (first 
layer) over the central part of Europe in daytime and night. We can see higher 
concentration near strong emitting sources (south Poland, Romania), which is a 
trivial consequence of the S02 dispersion and chemical transformation. 
However, we can clearly see that the average concentration in the surface layer 
is higher at daytime than at night. This is attributed to the fact that the height of 
the mixing layer is much smaller at nighttime than in daytime because of the 
lack of irradiation, therefore, a large part of the emitted S02 remains above the 
mixing layer at night.
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Longitude (E)

5E- 5 50-4  5E 3 5E-2 5 0 -I r n g n U a 1

Fig. 3. EMEP Emission inventory of sulfur dioxide used in the Eulerian model.

30-4 31-3 3E-2 3B--1 mg m

Fig. 4. Concentration of sulfur dioxide in the surface layer on March 24, 2006, at 12 UTC 
and March 25, at 00 UTC.
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An important aspect of a model development is the validation of the model 
results against the field measurements. Fig. 5 shows the modeled S02 
concentration and the observed one at an EMEP monitoring station in Illmitz. 
The calculated concentration values are in a good accordance with the observed 
concentrations. Moreover, the Eulerian model could also capture the temporal 
variation of the S02.

Fig. 5. Measured and modeled concentration of sulfur dioxide in the surface layer at 
Illmitz EMEP monitoring station (47° 46'N, 16° 46'E). Simulation started on March 24, 
2006, at 00 UTC.

The application of GPU in case of Eulerian model was also investigated. 
We can achieve speedups up to 20-25 times on first-generation devices 
(GeForce 8800GTX) and 30-40 times on second-generation devices (GeForce 
GTX 275) compared to the single-threaded CPU implementation (2.33 GHz 
Core 2 CPU). We should emphasize, however, that this model is fundamentally 
different from the Lagrangian model; this is essentially a PDE solver using finite 
difference method, while the Lagrangian model is more like a Monte-Carlo-type 
simulation. The speedups alone should not be used to compare these models, 
because we need different amounts of computation to reach the same quality of 
results.
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5. Conclusions

In this paper we showed and discussed the capability of two types of models, 
Lagrangian and Eulerian. Most of the models used in environmental protection 
and air quality management fall into these two categories. Therefore, it is 
important to know the real advantages and drawbacks of the applied models. 
From results presented in this study, we can clearly see that if we estimate the 
dispersion of pollutants from a strong point source in local scale, a Lagrangian 
particle model should inevitably be used. This model has the main advantage 
that the positions of each particle are continuous functions in space. This can 
overcome the problem of steep concentration gradients arising near a point 
source, and the Lagrangian particle model can be used even in case of extremely 
low wind speed, where other models (Gaussian, Eulerian) simply fail and they 
cannot provide a stable and/or realistic solution. On the other hand, the main 
problem with this approach is that each particle represents a given mass or 
activity (in case of radionuclides), therefore, it is very hard to obtain a 
continuous physical quantity, like concentration with small number of particles, 
and increasing this number results in an increase in computational time. Using 
Lagrangian particle model to simulate the transport of air pollutants from multi­
emission sources is practically impossible because of huge computational task. 
However, this task is really suitable for Eulerian models, and they can easily 
provide and calculate continuous quantities. Eulerian models can be 
predominantly used to calculate the transport of chemical species from multi­
emission sources. In this framework, the chemical reactions occurring between 
chemical species can be easily handled, because the chemical rate can be 
calculated from concentrations, which are prognostic variables in Eulerian 
models. Modeling of the chemical interactions between particles in Lagrangian 
models is very challenging task, and it involves consideration of the stochastic 
nature of chemical reactions. In conclusion, the model should always be chosen 
to a given air pollution problem to provide accurate and cost-efficient solution. 
Development of such cost-efficient strategies requires very accurate 
calculations, and numerical simulations need a huge computational effort.

There are numerous solutions to address this issue. Parallelization of the 
models and using supercomputers, clusters, or grid systems to solve problems is 
a common technique. These systems are built by connecting numerous 
processors, either by some sort of direct link or by a network connection. 
Several computing centers can be connected to each other by the Internet, thus 
creating grids. We investigated a new parallel computational framework to solve 
environmental related problems using graphical processing unit. We developed a 
stochastic Lagrangian particle model and an Eulerian model on CUDA to 
estimate the transport and transformation of the radionuclides from a single 
point source during hypothetical accidental releases. Our results show that 
parallel implementation achieves typical acceleration values in the order of a
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hundred times in case of Lagrangian model and tens of times in case of Eulerian 
model compared to CPU using a single-threaded implementation on a regular 
desktop computer (Fig. 6). The relatively high speedup with no additional costs 
to maintain this parallel architecture could result in a wide usage of GPU for 
diversified environmental applications in the near future.

L a g r a n g i a n  E u le r ia n

m o d e l  m o d e l

Fig. 6. Speedup of different applications on first and second generation CUDA-capable 
video cards (GeForce 8800 GTX and GeForce GTX 275, respectively) compared to CPU 
(2.33 GHz Core 2).

We should also mention some important aspects of this technology. In the 
past years, as this technology has developed, many papers have been published 
(for as review see Lee et al., 2010), and it seems that the “speedup” gained over 
general CPU solutions has become the measure of CUDA technology. However, 
one must be very careful to interpret such results correctly. There are numerous 
parameters that formulate the final performance gain over the CPU, such as the 
GPU type, clock frequency, number of CUDA cores, amount of memory, speed 
of memory on the video card, CPU type, CPU clock, host memory amount and 
speed, and most importantly, the implementation of the algorithm itself. These 
together make it almost impossible to predict a given computational speedup 
when ported to CUDA. Some of the published works show speedups of several 
hundred times (Lee et al., 2010). This is never the “magical” power of CUDA, it 
is always the result of the unoptimized CPU code which serves as the basis of 
comparison. Paper published by Lee et al. (2010) carries important information:
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you can achieve great optimizations on CPU if you have enough experience and 
expertise, bringing down the relative performance gain of GPU solutions. This 
can be close to what you could expect by looking at the raw hardware 
performance of CPUs and GPUs. However, the amount of computational and 
programming knowledge required to do so, is usually so large, that only 
computer scientists of specific fields can afford to learn them. This is why 
CUDA has gained much popularity among scientists from different fields: with 
relatively limited (but still advanced) knowledge of CPU and GPU 
programming, the CUDA solution is much faster than the CPU solution. This is 
the main advantage of CUDA (together with its cost-effectiveness).

We believe that using GPU -  as a new computational tool -  will 
revolutionize the environmental computing and can provide a new, cost- 
efficient, and effective technique in environmental protection. This system can 
be effectively used, and hence, the most profitable it would be in simulation of 
an accidental release of hazardous materials from industrial facilities (e.g., 
nuclear power plants). The recent accident at the Fukushima Nuclear Power 
Plant highlights the importance of predicting accidental release of toxic 
materials (Bolsunovsky and Dementyev, 2011; Leelossy et al., 2011; 
Manolopoulou et al., 2011; Sinclair et al., 2011). Implementing a model using 
this easy-to-maintain and cost-efficient computational framework in all facilities 
storing hazardous materials would be realistic and could help to decrease 
environmental consequences of possible future accidents.
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Abstract—This paper investigates the effect of the expected changes of tropospheric 
temperature profile on the dynamical and microphysical characteristics of individual 
summertime convective storms and on the processes of precipitation development in these 
storms. Two dynamically different clouds (a ‘big’ and a ‘small’ one) were simulated with the 
Regional Atmospheric Modeling System (RAMS v6.0). The differences between simulations 
of the clouds, developed in a present-day and in a modified environment are discussed. 
Macro- and microphysical evolution is examined in detail, and the changes in precipitation 
intensity and total rainfall volume are explained physically as a consequence of the 
temperature increase in the upper troposphere. Results show that the warming leads to a 
decrease of precipitation in the ‘small’ cloud case, while in the ‘big’ cloud case, warming 
leads to the increase of precipitation. The detailed analysis reveals that the main reason for the 
opposite direction of the impact of the projected tropospheric changes on different sized 
clouds lies in the ice phase evolution.

Key-words: climate warming, convective cloud, numerical model, RAMS
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1. Introduction

In the scientific community, it is expected that the projected global warming will 
give rise to greater frequency and severity of extreme precipitation events, as 
stated in the Report of the Intergovernmental Panel on Climate Change (IPCC, 
2007), based on studies such as Semenov and Bengtsson, 2002; Kharin and 
Zwiers, 2005; Meehl et al., 2006 and others. Trenberth et al., 2003 studied 
different methods of assessing the impact of various thermodynamical factors on 
precipitation, and concluded that the increased moisture content as a result of 
climate warming would have a significant impact on precipitation amount and 
intensity. As extreme precipitation relates to increases in moisture content and 
due to the nonlinearities involved with the Clausius-Clapeyron relationship, for 
a given increase of temperature, the projected increase of extreme precipitation 
is more pronounced than the mean precipitation increase (Allen and Ingram, 
2002). In mid-latitude continental regions, summertime precipitation falls 
mainly from convective clouds with a great vertical extent, often supplemented 
by lightning, hail, floods. Obviously, changes in extreme local weather events 
are connected to the airmass properties -  changes occurring in temperature and 
humidity, their vertical profiles or concentration and size of aerosols. McCaul et 
al. ( 2005), using RAMS model, examined the sensitivity of supercell storms to 
environmental temperature by changing only the temperature at the lifting 
condensation level with convective available potential temperature and other 
parameters being fixed. Their simulations indicate that in the limit of their 
assumptions, the updraft speed and precipitation efficiency are higher at a colder 
environment, while the peak precipitation rate in a warmer environment is 
comparable to that in colder environment. Numerical simulations of Takemi 
(2010), by Advanced Research WRF model reveal the dependence of the 
precipitation intensity in mesoscale convective systems on the temperature lapse 
rate. In the frame of their model simulations they found that with the increase of 
the lapse rate the mean precipitation intensity increases and the maximum 
precipitation intensity decreases. They stress on the need for diagnosis of 
stability in climate simulations and the need to investigate further the effects of 
cloud microphysics on the production of precipitation in a given temperature 
environment. To clarify this question, preliminary investigations on the impact 
of change in temperature and humidity profiles on microphysical characteristics 
of convective storms and on the processes of precipitation development would 
be of use. In Mitzeva et al. (2008) the influence of global warming on 
convective cloud dynamics and microphysics is investigated with a 1.5 D cloud 
model and compared with the influence of the pollution represented by CCN 
concentration. Their results show that in warmer profile temperature more 
vigorous cloud form, with larger cloud, rain water, and ice content.

In the present study, the impact of changes in tropospheric temperature and 
humidity profiles on individual summertime convective continental cloud
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development and precipitation is investigated. Numerical simulations are 
performed with RAMS (regional atmospheric modeling system) and changes of 
temperature and humidity are imposed on a reference sounding. Two clouds 
were simulated which are formed with the same meteorological conditions, but 
triggered by different sized thermal bubbles. The simulated clouds dynamical 
evolution, hydrometeor mixing ratios, and resulting precipitation are evaluated 
in detail. The analysis focuses on clarifying the changes in the process of 
formation of precipitation, with emphasis on the ice phase process. The present 
study is a first step for testing whether and how temperature profile changes 
would affect convective clouds development without pretending to be sufficient 
for the drawing of general conclusions.

2. Cloud model

The model used in the present study is the Regional Atmospheric Model System 
(RAMS v.6.0), which is developed by the Colorado State University and is 
widely used as a research tool for numerical studies of thunderstorms (Pielke et 
al., 1992; Cotton et al., 2003). It combines the capabilities of different types of 
atmospheric models, from mesoscale to large eddy simulations. RAMS is a 3- 
dimensional non-hydrostatic cloud resolving atmospheric model. It includes 
equations and parameterizations for a wide range of physical processes, as it is 
designed as a comprehensive meteorological modeling system: advection, 
diffusion, turbulence, radiation, and large-scale precipitation; it also includes a 
land surface model and a bulk microphysics scheme for resolved clouds and 
precipitation. Spatial resolution can vary from hundreds of meters to hundreds of 
kilometers and the time-step can be fixed or varying, user-defined, or 
automatically calculated by the model.

The two-moment bulk microphysics scheme in RAMS predicts both mass 
mixing ratio and number concentration of hydrometeor species thus allowing the 
mean diameter of hydrometeors to evolve. (Meyers et al., 1997). CCN number 
concentration is defined in the beginning of the run and it is kept constant during 
the simulations. The size distribution of aerosols is included indirectly through 
the shape of the cloud droplet spectrum. Cloud droplet as well as other 
hydrometeor spectra are approximated by a gamma function, which depends on 
prognosed mean radius and number concentration, and it has a fixed shape.

Sensitivity studies (e.g., Demott et al., 1994; Van den Heever et al., 2006; 
Phillips et al., 2007, and others) show that nucleation processes are fundamental 
microphysics processes that must be routinely included in cloud schemes to 
capture the lifecycle of convective clouds. For the present simulations, since we 
focus on the impact of the temperature profile changes on cloud formation and 
development by simulating idealized convective clouds, CCN concentration and
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gamma shape parameters for different hydrometeor species are selected in an 
appropriate way to represent microphysical conditions typical for mid-latitude 
continental climate.

In the model, seven species of hydrometeors are categorized: cloud 
droplets, rain, pristine ice, snow, aggregates, graupel, and hail. Cloud droplets 
and pristine ice nucleate from vapor and may convert into other categories after 
they grow. Together, pristine ice and snow categories represent a bimodal 
distribution of ice crystals. Graupel has higher density than snow but still 
consists mostly of ice and can carry only a small percentage of liquid. If the 
percentage of liquid is higher than 30%, the ice particle is considered as hail -  
the highest density hydrometeor formed by freezing of raindrops, riming or 
partial melting of graupel. The fall speeds of the hydrometeors vary depending 
on diameter and category. Note, that the definitions of graupel and hail 
categories in the model emphasize their composition and density rather than 
their method of formation. Thus, a melting graupel particle will increase its 
liquid fraction and density, and it will be categorized as hail.

Apart from nucleation, vapor deposition, riming, and melting, coalescence 
is also taken into account by using pre-calculated look-up tables that contain 
approximate solutions of the stochastic collection equation. The two-moment 
scheme also includes breakup of raindrops (formulated into the collection 
efficiency), diagnosis of pristine ice and snow habit dependent on temperature 
and saturation, evaporation and melting of each species. Details of 
microphysical parameterization can be found in Meyers et al., (1997). 3

3. Numerical simulations

In the present study, in order to lower the computational expense of the 
experiments, some of the schemes in the model are switched off (short-wave and 
long-wave radiation, soil model). They do not have significant influence on 
processes of such space and time scales like single convective storms. The 
microphysics parameters are selected in a way to represent an urban region with 
a mid-latitude continental climate. The hydrometeor shape-parameters as well as 
other initialization parameters are shown in Table 1. The time step is 
automatically calculated by the model, depending on the resolution.
The model domain dimensions are 30 x 30 x 15.5 km consisting of 50 x 50 x 60 
points with 600 m grid spacing in a Lambert conformal projection. It covers the 
area of Sofia City with center point latitude/longitude of 42.65 N/23.38 E. The 
topography is simplified to a flat surface with elevation of 595 m above sea 
level. The vertical coordinate is terrain-following sigma coordinate with level 
thickness AZ increasing from 30 m at ground level to 300 m in the free 
troposphere with a stretch ratio of 1.25. Initial conditions (at the surface) are 
horizontally homogeneous and are taken from the aerological sounding
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measurement in Sofia on 14 July 2006 -  a day when a (moderate) thunderstorm 
was observed, or from the modified sounding.

Table 1. Forcing conditions of the numerical simulations

P a r a m e te r V a lu e

Horizontal resolution 600m
Vertical resolution at z=0m 30m
Vertical resolution above z=2000m 300m
Large time step 4s
Small time step Is
CCN number 1.0*109#/m3
gamma shape parameter, cloud droplets 3.0
gamma shape parameter, raindrops 2.0
gamma shape parameter, pristine crystals 1.5
gamma shape parameter, snow 2.0
gamma shape parameter, aggregates 2.0
gamma shape parameter, graupel 2.0
gamma shape parameter, hail 2.0
Thermal bubble amplitude (AT) 2K
Thermal bubble relative humidity ratio 1.2
Thermal bubble horizontal size 3km; 4.2km
Thermal bubble vertical size 1.1km; 1.7km

Boundary conditions are open. Simulations were carried out for one hour 
starting at 12:00 UTC. A real sounding was used in order to assure that the 
environmental conditions chosen for model simulation are adequate for 
thunderstorm formation, rather than to simulate the real thunderstorm that 
developed over Sofia. Clouds were initiated by introducing a warm moist bubble 
at the surface. The so called “thermal bubble” had 2 K temperature excess and 
20% higher relative humidity compared to the environmental air. By varying the 
thermal bubble’s horizontal and vertical dimensions, two convective clouds 
were simulated -  cloud A, simulated with initial bubble size of 
4.2 x 4.2 x 1.7 km and cloud B, simulated with initial bubble size of 
3 x 3 x 1.7 km. Thus, our study is an idealized modeling study. As a result of an 
appropriate choice of the initial conditions, two typical (for mid-latitude) single 
summer continental precipitating clouds were simulated. Hereafter, we will call 
them ‘big’ and ‘small’, because one (cloud A) is bigger than the other (cloud B). 
The ‘control simulation’ is the simulation carried out with the original sounding 
from July 14, 2006, for cloud A (simulated with the larger thermal bubble) and 
for cloud B (simulated with the smaller thermal bubble). The modifications of 
the temperature profile used in the present study {Fig. 1) are based on IPCC,
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2007 and Santer et al., (2003). IPCC climate projections predict an increase of 
global mean surface temperature from 2 to 6 °C till the end of the 21 th century. 
The investigations of Santer et al., (2003) reveal that temperature changes with 
height depend on latitude and the temperature increase in the upper troposphere 
for the mid-latitudes is about 1.5 times greater than the surface temperature with 
maximum around 300 mb. Due to the very limited studies and no clear trend in 
relative humidity (Elliot and Angell, 1997) in our simulations the dew-point 
temperature profile was modified to keep the relative humidity in accordance to 
the original sounding, i.e., the relative humidity was not modified.
The control simulation (with the original sounding) is hereafter denoted as AT=0 
and the simulations with two modified profiles are denoted as AT= 3 and AT= 5 
respectively, where the numbers 3 and 5 refer to the surface temperature 
increase in degrees Celsius. The original sounding is shown in Fig.la and the 
modification of temperature profile is shown in Fig. lb. The relative humidity is 
not modified among the runs.

258

Fig. 1. a) Aerological sounding from 14 July 2006; b) increase of temperature AT used 
for the simulations of global warming; c) atmospheric stability for the simulated cases 
with AT=0, AT=3, AT=5, Z is in km ASL.



The original sounding is characterized by alternating moist conditionally 
unstable and stable layers (Fig. lc ), evaluated using the temperature lapse rate. 
The instability increases above 5.3 km in AT=3 and AT=5. This tendency is most 
pronounced in the layers between 6.1 km and 7.2 km in AT= 5. In the original 
sounding, the zero isotherm is located at 3.6 km. The modifications lead to its 
upward displacement, at 4.1 km for AT= 3 and 4.6 km for AT=5, respectively. 
The temperature interval where homogeneous freezing occurs is also shifted 
upward in the warmer environment. The 40 °C isotherm in the original sounding 
is at 9.4 km AGL above ground level, while forzir=3 it is at 10 km AGL and for 
AT=5 - at 10.3 km AGL. Due to the assumption that the relative humidity is kept 
constant with the warming, the condensation level is almost at the same altitude 
(around 1.7 km AGL). However, the temperature at cloud base (even at the same 
altitude) is higher with the warming modification.

4. Results

The results are presented in the following manner. First, we consider the 
dynamical and microphysical characteristics of cloud A (‘big’ cloud), simulated 
with the reference sounding. After that, the same characteristics of simulations 
A T=3 and A T= 5 are analyzed, pointing to the differences between them and the 
control one. The analysis of cloud B (‘small’ cloud) is presented in the same 
way.

Cloud A simulated with the reference sounding has a maximum cloud top 
height of 12 km above ground level (AGL) and maximum updraft speed of 
24 m/s. Its anvil is well above the level of maximum heating in warming 
scenarios. The smaller cloud (cloud B) simulated with the reference sounding 
has maximum cloud top at 10 km AGL and maximum updraft speed of 18 m/s.

4.1. Cloud A

4.1.1. Macro- and microphysical evolution o f the control cloud

Condensation starts at 9 min model time (MT) at 1726 m above ground level 
(AGL), at temperature 14.2 °C. The cloud grows during the following 12 
minutes (Fig. 2) and at 21 min MT the cloud top reaches the tropopause 
(10.7 km AGL). During the rapid growth stage (18-21 min), two maximums of 
the vertical velocity are visible in Fig. 3. At 18 min MT, these maximums can be 
seen at ~5 km AGL (21 m/s) and at ~7 km AGL (24 m/s), respectively. The 
sounding instability and high moisture (Fig. 1) provide the energy needed to 
accelerate the updraft. The level of the maximum water mixing ratio (Fig. 2) 
coincides with the level of the first updraft velocity maximum (Fig. 3). A slight 
decrease in velocity at 18 min MT is seen between 5 and 6 km in Fig. 3, due to the
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dry and stable environment. The analyses reveal that above 6 km AGL (-14 °C), 
intensive freezing occurs and the updraft speed increases again. Between 18 and 
21 min MT the cloud top reaches the layer above 7 km AGL where the moisture 
increases (Fig. /) and the environment is unstable. The main reason for the 
increase of updraft velocity above 9 km AGL (Fig. 3) is the latent heat released 
by homogeneous freezing.

t=15 min t = 1 8  min t=21 min

Fig. 2. Cloud A: sum of rain and cloud water mixing ratios (solid) and sum of pristine ice, 
snow, and aggregates mixing ratios (dashed) in the control simulation (AT= 0)

t= lB  min t= 21  min

Fig. 3. Cloud A: updraft velocity (solid) and temperature (dashed) at 18 and 21 min 
model times in the control simulation (AT= 0).
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When the simulated cloud reaches the tropopause (at about 21 min MT), it 
stops moving upwards and an anvil begins to spread (Fig. 2). At this time the 
cloud is in a mature stage, precipitation reaches the ground (Fig. 2 bottom 
panel), and the updraft core start to decay (not shown here).

When the simulated cloud reaches the tropopause (at about 24 min MT) it 
stops moving upwards and an anvil begins to spread (Fig. 2). At this time the 
cloud is in a mature stage and some of precipitation reaches the ground (Fig. 2 
bottom panel).

The first ice particles form between 15 and 18 min MT at 5.5 km AGL (see 
Fig. 2), where the in-cloud temperature is about -12°C. Afterwards, the mixing 
ratio of all ice species increases (Fig. 2 and Fig. 4). Around 21 and 27 min MT, 
the maximum values of mixing ratio of hail and graupel, respectively, are 
reached (Fig. 4, Table 2d). At 27 min the updraft starts to weaken and part of 
graupel and hail particles fall down, melt, and transform to rain drops. As a 
result, graupel and hail mixing ratios in the simulated cloud A (Fig. 4) decrease. 
After 33 min MT the cloud-starts to dissipate. The precipitation intensity 
simulated by the model with reference sounding maximum (in space and time) is 
66.18 mm/hr, and the maximum accumulated precipitation (in space) is 10.25 
1/m2 The total rainfall volume yield (total volume of liquid water fallen on the 
ground) is 1.98 x Ю6 m3.

4.1.2. Effect o f warming -  comparison between simulations with modified 
soundings and the control run.

As it can be seen from Fig. 1, the increase in atmospheric temperature as a result 
of the projected regional climate change is expected to be the largest at 300 hPa. 
Below 4 km ASL (~650 hPa), in warmer environment, the lapse rate is slightly 
lower, and convection will be suppressed, while above 9 km (300 hPa) there is 
an increase of the lapse rate and stability decreases. Due to the assumption that 
the relative humidity is not changed, specific humidity increases where 
temperature increases. Increased humidity means increased reservoir of water 
and the associated latent energy, so there is a potential for intensification of 
cloud dynamics. Intensive storms (with strong updraft) usually reach the 
300 hPa level which in our simulation is at 8900 m AGL.

Another important consequence of warming is the upward displacement of the 
zero isotherm (from 3.6 km in AT= 0, to 4.1 km in /17=3 and 4.6 km in AT= 5), 
which affects the formation and development of ice particles in the simulated 
clouds. Additionally, the cloud base in AT=3 is at 17.5 °C, while in /17=5 it is at 
19.7 °C, or respectively, it is about 3.3 and 5.5 °C warmer than the control cloud 
base. Together with the zero isotherm upward displacement, the increase of the 
cloud base temperature due to the warming (and the keeping of the relative 
humidity unchanged) leads to an extension of the region with temperature higher 
than 0°C in the simulated ‘warming’ clouds in /17=3 and AT=5.
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Table 2a. Maximum (in space and time) values for cloud, rain, pristine, snow, aggregates, 
graupel, hail mixing ratio [g/kg] for simulated “big” cloud

C lo u d R a in P r is t in e S n o w A g g r e g a te G r a u p e l H a il

AT= 0 6.39 4.09 0.59 0.67 1.14 2.5 7.14
AT= 3 6.55 4.81 1.04 0.64 1.15 2.4 9.35
AT= 5 6.78 7.93 1.42 0.69 1.37 2.23 11.04

Table 2b. Integrated (space and time) values for cloud; rain, pristine, snow, and 
aggregates; graupel and hail mixing ratios [g/kg] for simulated “big” cloud

C lo u d R a in P r is t in e + S n o w + A g g r e g a te s G r a u p e l+ H a il

AT= 0 5758 9933 12766 33497
AT= 3 6062 12696 17041 32558
AT= 5 6163 14999 18335 28668

t=18 min t = 2 1  min t=24 min

Fig .4. Cloud A: hail (solid) and graupel (dashed) mixing ratios from 18 to 33 min model 
time in the control simulation (AT= 0).
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The results presented in Table 2a show that maximum values of cloud 
water and aggregates mixing ratio only slightly increase with warming, while 
there is a significant increase in maximum values of pristine ice, rain, and hail 
mixing ratios. The warming leads to the increase of space and time integrated 
mixing ratio of liquid hydrometeors and of small ice particles and to the 
decrease of the sum of graupel and hail mixing ratio (Table 2b). An idea for 
changes of the evolution of space integrated mixing ratios as a result of warming 
gives Figs. 5a -  5d. The effect of warming on space integrated cloud water 
mixing ratio is not well pronounced (Fig. 5a), while a significant increase of 
space integrated rain water mixing ratio until 30 min MT is visible in Fig. 5b for 
warmer cases. After 22 min MT, the sum of space integrated ice, snow and 
aggregates mixing ratios also increases with warming (Fig. 5c). The decrease in 
sum of space integrated graupel and hail mixing ratios (Fig. 5d) can be 
explained by melting of graupel and hail in the warmer environment, which 
contributes to the increase of rain water mixing ratio.

a) C loud  A : Space Integrated (  loud W a ter M ix ing  
Ratio

b) Cloud A: Space Integrated Rain W ater M ix ing  
Ratio

Model Time Model Time

c) Cloud A : Sum o f Space Integrated Ice, Snow and 
Aggregates M ix ing  Ratios

d) Cloud A : Sum o f  Space Integrated Graupel and 
H a il M ix in g  Ratios

Fig. 5. Cloud A: temporal evolution of a) space integrated cloud water; b) space 
integrated rain water; c) sum of space integrated ice, snow and aggregates; d) sum of 
space integrated graupel and hail mixing ratios in g/kg as a function of model time MT in 
min for AT=0, 3, 5.

The top of the control cloud reaches 300 hPa (8.9 km AGL) at 18 min MT. 
After 18 min MT, the updraft velocity and the processes of formation and
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growth of ice particles are intensified and the cloud top rises fast, due to the 
homogeneous freezing that occurs between -30 °C and -50 °C in the model. The 
analyses reveal that the clouds simulated with AT= 3 and AT= 5 experience 
similar stages of development to the control cloud (AT=0). There are only slight 
differences in cloud top height (Fig. 6) and location and intensity of updraft core 
(Fig. 7). From Fig. 7 one can see that at 18 min MT, the updraft velocities are 
almost identical in AT=0, AT=3, and AT= 5.

Fig. 6. Cloud A: cloud top height as a function of time for AT=0, 3, 5.

AT=0; t=18 min AT=3, t=18 min AT=5; t=18 min
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Fig. 7. Cloud A: updraft velocity (solid) and temperature (dashed) at 18 min MT (top 
panel) and 21 min MT (bottom panel) for AT=0, 3, 5 (left, middle, and right panel, 
respectively).



In the warmer environment, the updraft velocity in the lower parts of 
simulated clouds has slightly lower values due to slightly lower lapse rates at 
heights below 4 km. Later, above 4 km, the updraft velocity in the warming 
cases is larger due to the released latent heat from the frozen water during the 
formation of hail particles. The top panel of Fig. 9 shows that the hail mixing 
ratio increases with warming. Ice crystal particles (Fig. 8a, top panel) form a 
few minutes earlier in the control run than in the clouds, simulated with AT=3 
and AT=5. The reason for the earlier formation of ice particles at lower altitude 
in AT= 0 is the lower temperature in the original sounding. At 21 min MT, all 
three clouds have passed the -40 °C isotherm which is at higher altitudes (9.3,
9.9, and 10.3 km AGL, respectively for the control run, AT=3, and AT=5) in 
warming cases. The updraft velocity in the latter case is highest, showing very 
intensive growth (Fig. 7). This corresponds to the thermodynamic effect of the 
increased lapse rate above 9 km AGL in warming cases. Another reason for the 
increase of the updraft velocity in the “big” cloud developed in the warmer 
environment is the higher water mixing ratio at higher levels in these cases (Fig. 
8a, top panel). Liquid water, once frozen, leads to the increase of the ice mixing 
ratio (Fig. 8a , bottom panel) above -30 °C and the release of more latent heat. 
A strong maximum of 33 m/s is seen (Fig. 7) in AT= 5 case (compared to 24 m/s 
in the control cloud and 30 m/s in AT=3).

From Figs. 8 and 9 it is visible that the higher liquid water and higher ice 
mixing ratio (Fig. 8a) in the warmer environment lead to higher hail mixing 
ratio (Fig. 9a, top panel). At 24 min MT, the hail mixing ratio in the layer 
between 5 and 10 km is almost double in AT=5 compared to AT=0. The analyses 
show that in cases AT= 3 and AT=5, the hail particles have larger liquid fraction, 
higher density, and larger fall velocity, so they fall earlier to lower levels in 
comparison with AT=0. Precipitation for all three simulations begins at about 
21 min MT and stops at 50 min MT (Fig. 10). Melted hail particles contribute to 
the earlier occurrence of the maximum precipitation rate in the warming cases -  
30 min MT in AT= 5, compared to 33 min in AT= 0. Precipitation rate, 
accumulated precipitation, and total rainfall volume increase in the warm 
simulations (Table 3). The peak precipitation rate in AT=S is almost twice as 
high as in AT= 0.

Table 3. Peaks of rainfall rate, accumulated (for 50 min MT) rainfall, and accumulated 
total rainfall volume yield from cloud A (“big” cloud)

P ea k  p r e c ip ita tio n  
ra te  |m m /h |

P ea k  a c c u m u la te d  
p r e c ip ita tio n  11/m21

T o ta l r a in fa ll  
v o lu m e  |m ’]

AT=0 66.18 10.25 1.98 106

AT=3 71.71 11.40 2.23 108

AT= 5 112.24 12.75 2.42 108
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AT=0; t= 18  min . AT=3; t= 1 8  min AT=5; t= 18  min

AT=0; t=24 min AT=3; t=24 min AT=5; t=24 min

Fig. 8. Cloud A: sum of rain and cloud water mixing ratios (solid) and sum of pristine ice, 
snow, and aggregates mixing ratios (dashed) at 18 min MT, 21 min MT, 24 min MT, and 
27 min MT (from top to bottom panel) for AT=0, 3, 5 (left, middle, and right panel, 
respectively).
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AT=0; t= 24  min AT=3; t= 24  min AT=5. t=24 min

AT=0; t=30 min AT=3; t=30 min A T=5;t-30m in

Fig. 9. Cloud A: hail (solid) and graupel (dashed) mixing ratios at 24 min MT, 27 min 
MT, 30 min MT, and 33 min MT (from top to bottom panel) for 4T=0, 3, 5 (left, middle, 
and right panel, respectively).
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Model Time [min]

Fig. 10. Cloud A: peak rainfall rate as a function of time for AT=0, 3, 5.

4.2. Cloud B

Cloud B is the ‘small’ cumulonimbus that develops in the same environment as 
cloud A, but it is initiated with a smaller thermal bubble (see Table 1).

4.2.1. Macro- and microphysical evolution o f the control cloud

Similarly to cloud A, cloud development begins at 9 min MT, and the cloud base 
height is at 1726 m AGL (14.16 °C). During the next 15 min, the cloud top rises 
at a rate of 10 m/s until 24 min MT and at 27 min MT it reaches its maximum 
height of 9.5 km AGL, where the temperature in the environment is -41 °C 
(Figs. 12, and 75). The maximum updraft velocity (18 m/s) is reached at ~5 km 
AGL at 24 min MT (Fig. 12). After 24 min MT, the updraft velocity starts to 
decrease and after 30 min MT, the downdrafts prevail. Then the simulated cloud 
B begins to dissipate, and precipitation falls on the ground.

Ice formation (Fig. 11) starts after 18 min MT at an altitude above 4 km 
(about -5 °C). The formation of hail and graupel starts at the same time and 
altitude (Fig. 13). Maximum mixing ratios of hail and graupel are reached at 21 
and 24 min MT, respectively (Fig. 13 and Table 4a).
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t= 1 5  min t= 1 8  min t= 2 1  min

Fig. 11. Cloud B: sum of rain and cloud water mixing ratios (solid) and sum of pristine 
ice, snow, and aggregates mixing ratios (dashed) in the control simulation (z1T=0).

t=21 min t=24 min

Fig. 12. Cloud B: updraft velocity (solid) and temperature (dashed) at 21 and 24 min 
model times in the control simulation (AT=0).
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t= 1 8  min t= 2 1  min t= 2 4  min

Fig. 13. Cloud B: hail (solid) and graupel (dashed) mixing ratios from 18 to 33 min 
model times in the control simulation (AT=0).

Table 4a. Maximum (in space and time) values for cloud, rain, pristine, snow, aggregates, 
graupel, hail mixing ratio [g/kg] for cloud B formed in different environmental conditions

C lo u d R a in P r is t in e S n o w A g g r e g a te G r a u p e l H a il

AT= 0 5 .3 7 1.51 0 .1 4 0 .4 0.71 2 .3 2 2.81

AT= 3 5 .43 1 .47 0 .0 8 0.51 0.55 1.62 3 .5 8

AT=5 5 .2 6 1.81 0.1 0 .3 7 0 .7 6 1.17 3 .3 8

Table 4b. Integrated (space and time) values for cloud and rain water; pristine, snow and 
aggregates; graupel and hail mixing ratios [g/kg] for cloud B formed in different 
environmental conditions

C lo u d R a in P r is t in e + S n o w + A g g r e g a te s G r a u p e l+ H a il

AT= 0 1743 15 4 4 5 4 9 .3 9 3 8 9 5 .2 8

AT= 3 1542 13 8 7 2 7 2 .9 7 1 8 1 0 .9 6

AT= 5 1372 1223 1 0 7 .0 8 954 .11

270



The lifecycle of this cloud is different from that of cloud A. There is less 
vigorous convection and less condensation takes place, so the cloud grows 
smaller and the mixing ratios of all hydrometeors are lower. Their size (not 
shown here) and fall velocity are also lower.

The simulated maximum (Table 5) precipitation intensity of space and time is 
16.77 mm/hr and the peak accumulated precipitation is 2.25 1/m2. The total rainfall 
volume yield is 0.253'106m3, which is ten times less than the rainfall volume yield 
in cloud A.

Table 5. Peaks of rainfall rate, accumulated (for 50 min MT) rainfall and accumulated 
total rainfall volume yield for Cloud B (“small” cloud)

P ea k  p r e c ip ita tio n  
ra te  [m m /h |

P e a k  a c c u m u la te d  
p r e c ip ita tio n  11/m21

T o ta l ra in fa ll 
v o lu m e  [m 3]

AT=0 16.77 2.25 0.25 106

15.01 1.65 0.19 106

AT=5 12.85 1.24 0.14 106

4.2.2. Effect o f warming — comparison between the modified simulations and the 
control run.

From Fig. 14 it can be seen, that cloud top heights of simulated “small” clouds 
in warmer environment are a few hundred meters lower than the cloud top 
height of control cloud B, although the maximum heights are reached at the 
same time, 27 min MT. However, the analyses reveals that the control run 
reaches temperatures around -42 °C, while the warming cases AT=3 and AT=5 
reach -37 °C and -30 °C, respectively.

Fig. 14. Cloud B: cloud top height for cloud B as a function of time forzlTM), 3, 5.
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Results presented in Table 4a show that there is no well defined tendency 
in the changes of maximum values of mixing ratios of the hydrometeors as a 
result of warming, while the integrated (in space and time) mixing ratios of solid 
hydrometeors are significantly lower (see column 3 and 4 of Table 4b) at higher 
environmental temperatures. The warming also leads to the decrease of both 
cloud (column 1 in Table 4b) and rain (column 2 in Table 4b) mixing ratios 
integrated in space and time. The evolution of space integrated mixing ratios 
(Fig. 15) reveals that the space integrated rain water mixing ratio in the clouds 
simulated with warmer environment is higher until 27 min MT, and after that it 
is lower in comparison to the space integrated rain water mixing ratio in the 
control cloud.

a) Cloud B: Space Integrated C loud W a te r M ix in g  
Ratio

b) C loud B: Space Integrated R a in  W a ter M ix ing  
Ratio

c) Cloud B: Sum o f  Space Integrated Ice, Snow and 
Aggregates M ix ing  Ratios

d ) C loud  B: Sum o f  Space Integrated G raupel and 
H a il M ix in g  Ratios

0 5 10 IS 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
Model Time M odel Tim e

Fig. 15. Cloud B: temporal evolution of a) space integrated cloud water; b) space 
integrated rain water; c) sum of space integrated ice, snow, and aggregates; d) sum of 
space integrated graupel and hail mixing ratios in g/kg as a function of model time MT 
(in min) ford7M), 3, 5.

Plots of the vertical velocity for 21 and 24 min MT (Fig. 16) show that the 
values of the maximum vertical velocity are almost the same, however, it is 
slightly decreasing and located at lower altitudes with the warming. In the three 
simulated clouds there is almost no difference in updraft velocities below 5 km, 
while above 5 km in the warming cases the updraft velocity is lower. In the 
upper parts of clouds in AT=3 and AT=5, compared to the control one, there is a 
smaller amount of freezing water due to the higher temperature. Furthermore,
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the clouds denoted with AT=3 and AT= 5 do not reach the level of ~40 °C where 
intensive homogeneous freezing occurs. Since freezing provides latent heat to 
accelerate the updraft, this leads to lower values of updraft velocity, despite the 
decreased stability.

AT=0; t=21 min AT=3; t=21 min AT=5; t=21 min

Fig. 16. Cloud B: updraft velocity (solid) and temperature (dashed) at 21 and 24 min 
model times ior AT =Q. 3, 5.

The analysis of mixing ratio of hydrometeors in vertical cross section at 
different moments of time (Figs. 17 and 18) shows that in clouds developed in a 
warmer environment the total liquid water mixing ratio is slightly higher than in 
the simulated AT= 0 cloud, while due to higher temperatures, the values of ice 
(the sum of pristine, snow, and aggregates) and graupel mixing ratio (Fig. 18) 
are lower compared to the control cloud. There is higher rain water mixing ratio 
in warming cases (Fig. 17). The more detailed analysis shows, that in AT=0 at 
21 min MT, ice starts to form at 5-7 km by freezing of cloud and rain drops, 
while in z!7=5 there is still no ice. Coagulation of drops with graupel and hail in 
AT= 0 further contributes to the decrease of the liquid water mixing ratio at these 
altitudes. On the other hand, in AT= 5 the mixing ratios of cloud and rain water
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continue to increase. After the formation of ice in AT= 5 (see bottom panel of 
Fig. 17), the rain mixing ratio also starts to decrease. Hail mixing ratio increases 
in AT=3 compared to AT=0 and decreases in AT=5 compared to AT=3. The 
increase in hail mixing ratio in AT=3 and AT=5 is accompanied by an increase of 
hail liquid fraction (not shown here). The reason for that can be found in the 
definition of hail as a higher density hydrometeor than graupel that can carry a 
larger fraction of liquid water. The sources for hail particles are coalescence 
between solid and liquid particles (when water freezes slowly) or partial melting 
of graupel, and the sinks are shedding and melting into rain. In warming cases, 
due to the increased temperature, water droplets colliding with an ice particle 
freeze slower, thus increasing the ice particle density and leading to the 
formation of hail rather than graupel. This could be a reasonable explanation for 
the fact that the hail mixing ratio increases in AT= 3. Obviously, in warming 
cases more hail particles grow in wet regime. In AT=5 hail, particles carry a 
larger fraction of liquid, have higher density and consequently a higher fall 
velocity, so more hail particles fall to levels having positive temperature and 
melt to form rain. This can be the reason for the decrease of maximum hail 
mixing ratio in AT=5 compared to AT=3. These speculations are supported by 
the results presented in Fig. 17, where plots of the sum of cloud and rain and the 
sum of pristine, snow, and aggregates are shown, and in Fig. 18, where graupel 
and hail mixing ratios are shown. From Fig. /7  it is evident that ice starts to 
form later in warming cases compared to the control run. At 27 min MT, the 
difference in microphysical development can be seen -  the control cloud still has 
lots of ice in its upper part, a slightly lowered liquid water mixing ratio and 
some graupel and hail close to cloud base (Fig. 18), while AT= 5 has lost much 
of its ice mixing ratio above 5 km and has more hail close to cloud base, 
compared to AT= 0 and AT=3. The melting of ice is visible in Fig. 18 where hail 
mixing ratios for 24 min MT are high in all three clouds, but later it decreases 
faster in warming cases, and there is almost no ice in AT=5 at 33 min. From the 
same figure it can be seen that during the mature stage (27-33 min), the hail 
mixing ratio close to cloud base slightly decreases in the warm simulations, 
while graupel mixing ratio decreases significantly.

These differences in the clouds’ microphysical evolution lead to differences 
in precipitation. In AT=5 at 24 min, large amount of liquid water is “found” in the 
layer between 4-6 km, consisting mostly of raindrops, and it decreases sharply at 
27 min (Fig. 17). At 33 min MT, there is a low amount of graupel and hail in 
AT=5 compared to AT= 0, while the liquid mixing ratio in the clouds (not shown 
here) has similar values. Precipitation starts at the same MT for the three clouds 
(Fig. 19), but it is less intensive in warming cases. Despite the increased reservoir 
of water vapor in the warmer atmosphere, the precipitation (intensity and total 
volume) is lower than the precipitation from the control cloud (see Table 5, Fig. 
19) The peak in the AT=5 case is earlier than zl T=0. The decrease in total rainfall 
volume is 25% for “AT=3” and another 25% for AT=5 compared to AT=3.
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&T=0: t= 18  min AT=3; t = 18 min

&T=3; t=24 min

AT=5; t —18 min

AT=5; t=24 min

Fig. 17. Cloud B: sum of rain and cloud water mixing ratios (solid) and sum of pristine 
ice, snow, and aggregates mixing ratios (dashed) at 18 min MT, 21 min MT, 24 min MT, 
and 27 min MT (from top to bottom panel) for AT=0, 3, 5 (left, middle, and right panel, 
respectively).
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Fig. 18. Cloud B: hail (solid) and graupel (dashed) mixing ratios at 24 min MT, 27 min 
MT, 30 min MT, and 33 min MT (from top to bottom panel) for AT=0, 3, 5 (left, middle, 
and right panel, respectively).
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20 -7

18

Fig. 19. Cloud B: peak rainfall rate as a function of time for AT=0, 3, 5.

5. Conclusions

In the present study, the impact of projected changes of the temperature and 
humidity profiles in the mid-latitude troposphere (1PCC, 2007) on the 
development and precipitation from summertime convective clouds is 
investigated. One typical sounding from Sofia is selected, and two scenarios 
of projected changes, according to IPCC, 2007, are imposed on this sounding. 
Two clouds with different dynamics are simulated, identified here as a ‘big’ one 
and a ‘small’ one.

The results can be summarized in the following way for the clouds 
developed in a warming environment -  in comparison with the “control” clouds. 
For both clouds (‘big’ and ‘small’):

• Sum of space and time integrated mixing ratios of graupel and hail 
decreases.

• Precipitation intensity has a more rapid increase in the beginning and its 
maximum occurs earlier.

Big cloud (A):
• Liquid water mixing ratio increases.
• Small ice particles (pristine, snow, and aggregates) mixing ratios 

increase.
• The updrafts are more intensive.
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• Accumulated precipitation and total rainfall volume are higher.
Small cloud (B):

• Liquid water mixing ratio decreases.
• Small ice particles (pristine, snow, and aggregates) mixing ratios 

decrease.
• The updrafts are more intensive in lower levels and suppressed at higher 

levels of the cloud.
• Accumulated precipitation and total rainfall volume are significantly 

lower.

Results show that there are two sides of the expected pattern of change in 
the thermodynamic structure of the troposphere -  it leads to the suppression of 
cloud dynamics and reduction of precipitation in the “small” cloud and to the 
intensification of the updraft and increase of precipitation in the “big” cloud. 
Our study analyzes the reasons for the contrary impact of climate warming 
depending on cloud intensity. For both types of cloud (“big” and “small”), the 
projected warming leads to higher values of liquid mixing ratio in low cloud 
layers and a delay in freezing, which takes place higher in the cloud. The study 
demonstrates that when the forcing conditions are strong enough (“big” cloud) 
for the cloud to reach levels with low temperatures, especially where 
homogeneous freezing occurs, more latent heat is released due to the freezing of 
a larger quantity of liquid water in warmer cases. This leads to higher content of 
ice particles and cloud intensification -  increase of cloud updraft and cloud top. 
The quantity of ice precipitation particles increases and adds to the amount of 
liquid precipitation after melting. In these cases, the projected warming 
amplifies precipitation rate, accumulated precipitation, and total rainfall volume. 
In the cases with weaker forcing conditions (“small” cloud), when the cloud 
does not have enough energy to rise to higher levels (especially the level of 
homogeneous freezing), in a warming environment, less liquid water freezes, 
leading to the occurrence of a smaller quantity of ice precipitation particles 
inside the cloud, which in turns leads to the decrease of contribution of ice 
particles to the liquid precipitation. Thus, the decrease of precipitation rate, 
accumulated precipitation, and total rainfall volume in the “small” clouds at the 
increase of environmental temperature can be explained by the decrease of 
mixing ratios of liquid and solid precipitating particles at AT =3 and AT =5 in 
comparison w ith r i f^ .

Results indicate the importance of the ice phase evolution in the formation 
of precipitation in continental mid-latitude convective clouds. Within the 
limitations of the model used in this study, one can conclude that in a warming 
environment intensive storms will have enhanced power, so they will create 
greater damage. On the other hand, warming can also lead to droughts by
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suppressing the development of smaller cumuli. Since the present work is based 
on only one case study, we have to stress that different conclusions might 
emanate from further modeling runs encompassing wide ranges of 
meteorological conditions and combinations of other climate change factors. 
The thermodynamic forcing, investigated in the present paper, acts in the same 
direction as the forcing created from increasing aerosol concentrations, as 
explained by the conceptual model of Rosenfeld et al. (2008), so it is a 
challenging question how convective clouds and precipitation will change when 
those two factors work together.

It is also worth mentioning that the scenario tested in the present study is 
based on the concept of constant relative humidity. If the moisture above the 
continents is not enough and the relative humidity decreases, probably the effect 
of the thermodynamic changes in the environment air on convective clouds 
microphysics, dynamics, and precipitation would be reduced.

Furthermore, since the evaporation from the surface and the interactions 
between adjacent clouds are also important, real cases with larger domains and 
more than one cloud or even whole mesoscale systems should be simulated, in 
order to investigate the potential impact of climate warming on mid-latitude 
convective precipitation.
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A b s tr a c t—This paper analyzes the characteristics of spatial evolution of the standardized 
precipitation evapotranspiration index (SPEI) at various time scales during the growing 
period (April-September) over the Czech Republic. The SPEI was calculated from 
monthly records of mean temperature and precipitation totals measured at a dense 
network of 184 climatological stations for the period 1961-2010. Using various lags, 1, 3, 
6, 12, and 24 months. The drought at these time scales is relevant for agricultural, 
hydrological, and socio-economic impacts, respectively. The study refers to the warm 
season of the year (from April to September). The principal modes of variability of the 
SPEI calculated at these five time scales were identified by using the empirical 
orthogonal functions (EOF) analysis. The explained variance of the leading EOF ranges 
between 71 and 61% as the time scale for calculating the SPEI increases from 1 to 24 
months. The explained variance of EOF2 and EOF3 ranges between 5 and 9%, and 4 and 
6%, respectively, as the SPEI is calculated for 1-24 months. With a few exceptions at 
stations at the highest altitudes, the spatial coefficients of the EOF1 for all SPEI time 
scales have the same sign over the country's territory. Based on the spatial distribution of

281



the spatial coefficients of EOF2 and EOF3, at all SPEI time scales we have identified 
three climatically homogenous regions, corresponding to the altitudes below 400 m, 
between 401 and 700 m, and above 700 m. This regionalization corresponds to some 
extend to that which was previously used in other studies. These three regions reflect 
different land use types corresponding to: (i) mostly intensive agriculture, (ii) less 
intensive agriculture, and (iii) limited agricultural production and mostly forested, 
respectively. For these three regions, the frequency distribution of the SPEI values in 7 
classes of drought category (%) were calculated based on station records for each region. 
The normal conditions represent around 65% out of the total values of SPEI for all time 
scales, in all three regions, while moderate drought and moderate wet conditions are 
almost equally distributed around 10.5%. As the SPEI time scale increases, the difference 
between the percentages of extremely dry and extremely wet conditions changes on 
average from 0.2% (SPEI 1-month) to 4% (SPEI 24-month).

Key-words: standardized precipitation evapotranspiration index, frequency distribution, 
empirical orthogonal function, Czech Republic.

/. Introduction

Drought indices associated with specific time-scales are useful tools for 
monitoring and management of drought. For quantifying the drought conditions, 
Vicente-Serrano et al. (2010) have developed a new drought index -  the 
standardized precipitation evapotranspiration index (SPEI) based on 
precipitation and potential evapotranspiration (PET). The SPEI combines the 
sensitivity of the Palmer drought severity index (PDSI) to changes in 
evaporative demand (related to temperature fluctuations and trends) with the 
multi-temporal nature of the Standardized Precipitation Index (SPI). The various 
time scales provided by the SPEI can be related to different drought types in a 
region. Short time scales show a high relationship with variations of soil 
moisture, which determine water availability for vegetation and agriculture, 
while water resources in reservoirs are related to longer time scales (Dai, 2011; 
Vicente-Serrano et al., 2011).

In previous studies (Potop et al., 2011, 2012), drought was extensively 
analyzed by comparing results from the most advanced drought indices (e.g., 
SPI and SPEI), which take into account the role of antecedent conditions in 
quantifying drought severity in the lowland regions of the Czech Republic. 
Decadal trend in the drought extent detected by the SPEI are apparent, however, 
with higher values of drought incidences in the 1940s, early 1950s, and 1990s, 
and with fewer drought episodes in the 1910s, 1930s, and 1980s. These episodes 
coincide with the secular drought evolution recorded in the central part of 
Europe (Brazdil et al., 2009; Dai, 2011). Consequently, SPEI and SPI showed 
large differences in the evolution drought severity during decades with the 
lowest summer negative temperature anomalies combined with the lowest 
precipitation (cold and dry; the first two decades of the 20th century), the 
highest summer positive temperature anomalies (the end of the 20th century), 
both high spring positive temperature and precipitation anomalies (warm and

282



wet; the beginning of the 20th century), and the lowest deficit of water balance 
(1947, 2003, 1994, 1983, and 1933) (Potop et al., 2012). On the other hand, 
similarities between two indices were reported during the decades with high 
fluctuations of positive spring temperature and lower precipitation (warm and 
dry; 1950s, 1990s, and 2000s); extremely long sunshine durations (155% of the 
normal amount in extremely dry June of 2006 and August 2003, up to twice the 
norm for April of 2007 and 2009, in the reference period of 1961-1990); and 
consecutive dry days. Therefore, the role of temperature was evident in summer 
drought episodes which depend on the intensity and duration of temperature 
anomalies, generating a higher water demand by potential evapotranspiration at 
the end of the last century.

New detailed results on the temporal evolution of the SPEI at various time- 
scales and the impact of drought on vegetable crops were discussed and 
presented in broader climatological and European contexts in, e.g., Potop and 
Mozny (2011a, 2011b), Potop and Soukup (2011). However, more in-depth 
analysis is required to explore the vulnerability to drought in the context of 
climate change based on a denser station network to better representation of 
various climate conditions across the Czech Republic (Potop et al. 2012a; Potop 
et al. 2012b).

The present study aims at the analysis of the spatial evolution of the SPEI 
at various time scales during the warm period (April-September) over the Czech 
Republic. To this aim, the principal modes of variability of SPEI are examined 
based on data from a dense network of climatological stations in the Czech 
Republic during the period of 1961-2010 in order to reveal the regional 
characteristics of drought variability. Frequency distribution of SPEI values over 
the three regions in 7 classes of drought category (%) at time scales of 1, 3, 6, 
12, and 24 months, and the spectral analysis of the series of the SPEI < -1 were 
also analyzed.

2. Data and methods

The SPEI was calculated from monthly records of mean temperature and 
precipitation totals using a dense network of 184 climatological stations from 
the Czech Republic for the period of 1961-2010. The selected stations as input 
dataset in calculation of the SPEI are uniformly covering the Czech Republic. 
Station elevations range between 158 and 1490 m above sea level (Fig. 1). The 
selected stations represent various climate conditions both in lowland and 
highland regions and reflect the differences between the maritime and 
continental weather regimes which manifest across the Czech Republic. 
Monthly series of temperature and precipitation were taken from the Czech 
Hydrometeorological Institute (CHMI) CLIDATA database. Measured data 
were subjected to quality control, gap filling, and homogenization by means of
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ProClimDB and AnClim software (Stepdnek, 2010). The approach of quality 
control of daily and monthly temperature and precipitation series combines 
several methodologies such as differences of neighbor stations comparison, 
comparison with “expected” values calculated by means of geostatistical 
methods, etc. Interpolation, where needed, was carried out applying an approach 
adopted at CHMI. It is based on local linear regression (dependence of given 
meteorological element on altitude) and universal kriging interpolation, and 
inverse distance weighting methods (Sercl and Lett, 2002). The homogeneity of 
monthly precipitation and temperature series was tested using the 
Alexandersson’s SNHT, bivariate test, and Vincent methods (Stepdnek et al., 
2009; Stepdnek, 2010).
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Fig. 1. Location of stations used for the calculation of the SPEI drought index in the 
Czech Republic.

For the SPEI calculations, the algorithm developed by Vicente-Serrano 
et al. (2010) was used. The SPEI is based on a monthly climatic water 
balance (precipitation (P) minus potential evapotranspiration (PET)). PET is 
calculated using the method of Thornthwaite (1948). The documentation and 
executable files for SPEI calculation are freely available at 
http://digital.csic.es/handle/10261/10002. A batch script was created and used 
for optimizing the calculation of the SPEI for the 184 stations and five 
accumulated periods; 1, 3, 6, 12, and 24 months. The SPEI was calculated for 
each month of the year, but this study refers only to the warm season of the year 
(from April to September). The drought at these time scales is relevant for 
agricultural (1-, 3-, and 6-month), hydrological (12-month), and socio-economic
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impacts (24-month), respectively. A drought episode was defined as a 
continuous period of months when the SPEI values were less than —1, while 
values between -0.99 and 0.99 were considered as normal conditions. Drought 
categories according to the SPEI are presented in Table 1.

Table 1. Drought categories according to the SPEI

S P E I D r o u g h t  c a te g o r y P r o b a b ility

> 2.00 Extreme wet 0.02
1.50- 1.99 Severe wet 0.06
1.49- 1.00 Moderate wet 0.10
0.99- (-0.99) Normal 0.65

(-1.00)- (-1.49) Moderate drought 0.10
(-1.50)- (-1.99) Severe drought 0.05

< (-2.00) Extreme drought 0.02

Taking into consideration the climatic characteristics in the Czech Republic 
such as the degree of continentality and the diversity of physico-geographic 
conditions (topography, soil type), the evaluation of drought was carried out in 
more details for the selected climatic regions. To identify the principal modes of 
variability of the SPEI at the various time scales, the empirical orthogonal 
functions (EOF) have been calculated over the territory of the Czech Republic. 
This approach has been widely used to explore regional patterns of the drought 
over Europe and various regions of the world (Dai, 2011). Based on the patterns 
of the spatial coefficients of the EOF2 and EOF3 of the SPEI at the considered 
time scales, we have identified three regions, corresponding to the altitudes 
below 400 m, between 401 and 700 m, and above 700 m. They correspond, to 
some extend, to a previous regionalization used in other studies (Quitt, 1971/ 
Tolasz et al. 2007; Trnka et al. 2009). These regions correspond to different land 
use types with mostly intensive agriculture, less intensive agriculture, and 
mostly forested with limited agricultural production, respectively. Moreover, 
these regions also correspond to the climatic classification according to Quitt 
(1971), where three main climatic regions (warm, moderate warm, and cold) 
were defined on the basis of 14 climatic characteristics [annual number of warm, 
frost, and ice days, number of overcast and clear days, number of days with 
snow cover, number of days with precipitation of 1 mm or more, mean air 
temperature in January, April, July, and October, sum of precipitation in warm 
(April-September) and cold (October-March) periods of year, as well as the 
number of days with mean temperature 10 °C and more]. For each station, the 
SPEI values were analyzed in order to assess the frequency distribution and the 
drought severity during the warm period of the year in the given regions.
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The following analysis was carried out to assess the regional drought 
characteristics over the Czech Republic:

(1) numerical values of the SPEI at five accumulated periods (1, 3, 6, 12 and 
24 months) calculated for each station, which then allowed to evaluate the 
drought conditions both for entire territory of the Czech Republic and the 
selected climatic regions;

(2) averaged number of drought episodes (SPEI < -1 ) during the growing 
season at various time scales for three SPEI series: (1) at each station, (2) at 
each climatic region, and (3) at the entire country territory;

(3) averaged number of drought episodes (SPEI < —1) counted during the 
growing season at various SPEI time scales both for country level and each 
of the three climatic regions; and

(4) frequency distribution of monthly SPEI values in 7 classes of drought 
category (%) at five accumulated periods for the above mentioned SPEI 
series.

3. Results and discussion

3.1. The principal modes o f variability o f the SPEI

For each station, the monthly series of the SPEI were averaged over six months 
of the warm season (from April to September). These SPEI series at five 
accumulated periods (1, 3, 6, 12, and 24 months) were used for the empirical 
orthogonal functions (EOF) analysis in order to identify the characteristics of 
drought variability over the territory of the Czech Republic. The patterns of the 
three leading EOFs of the SPEI are very similar for all of the five accumulated 
periods. Figs. 2 a,b, and c show, as example, the spatial patterns of the three 
leading modes of variability of the SPEI calculated at 6-month lag and averaged 
over the warm season (from April to September). The spatial coefficients of the 
EOF1, with few exceptions, have the same sign over the country (Fig. 2a). The 
time series of the principal component (PCI) coefficients shows the temporal 
evolution of the EOF1 pattern, identifying the dry and wet years, and the 
intensity of its anomalies in terms of the standard deviation of the PCI time 
series (Fig. 3). The periods with consecutive dry warm season were 1967-1969, 
1981-1983, 1988-1994, and 1998-2000. The year 2003 was the driest during 
the period of 1961-2010 according to the PCI of the SPEI at the 6-month 
accumulation period. The explained variance of the EOF1 ranges between 71 
and 61% as the time scale of the accumulated period for calculation of the SPEI 
increases from I month to 24 months (Table 2). The pattern of the spatial 
coefficients of the EOF2 roughly separates the lowland and highland regions 
(Fig. 2b). The explained variance of the EOF2 and EOF3 ranges from 5 to 9% 
and 4 to 6%, respectively, as the SPEI is calculated for 1-24 months. The spatial
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distribution of the EOF2 for all time scales of the SPEI corresponds, to some 
extend, to the regionalization previously used in other studies (Tolasz et al. 
2007; Trnka et al, 2009) which identified three climatically homogeneous 
regions, corresponding to the altitudes below 400 m, between 401 and 700 m, 
and above 700 m (Fig. 1 and Fig. 2). This station classification according to the 
altitude was further used in this study to assess the spatial and temporal drought 
characteristics over the Czech Republic.

(b)

(c)

Fig. 2a, b, c,. Spatial patterns of the three leading modes of variability from an EOF of 
average SPEI values during the warm season (Apr-Sept) over the Czech Republic (1961 
2010) at time scale of 6-month.
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Table 2. Explained variance of the leading EOFs of averaged SPEI (April-September) 
over the Czech Republic, 1961-2010

E x p la in e d  v a r ia n c e  (% )

S P E I-1 S P E 1 -3 S P E 1 -6 S P E I-1 2 S P E 1 -2 4

EO F1 71.68 70.03 69.14 64.46 61.49
E O F 2 5.68 6.31 7.33 8.44 9.35
E O F 3 4.36 4.12 4.65 5.32 6.05
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Fig. 3. Standard deviation of principal components (PCI) of SPEI series at 6 months 
during the warm season (Apr-Sept) over the Czech Republic (1961-2010).

3.2. Frequency distribution o f the SPEI values

In this subsection, drought occurrences are analyzed on the basis of frequency 
distribution of the SPEI values in 7 classes (see Table 1). The frequency 
distribution was calculated as the ratio between the number of occurrences in 
each SPEI category and the total number of events counted for all stations in a 
given region for a given time scale (1, 3, 6, 12, and 24 months). The aim here is 
to identify the areas with high drought frequency detected by the SPEI during 
the growing season (i.e., April-September). The occurrences in varying drought 
categories at multiple scales are also analyzed on a regional basis inside the 
three main climatic regions: warm, moderate warm, and cold (Quitt, 1971). For 
these three regions, the frequency distribution of the SPEI values were 
calculated based on station records inside each region.

In the Table 3, percentage of drought occurrences is expressed in 7 classes 
of drought categories (%) at time scales of 1, 3, 6, 12, and 24 months for the 
period of 1961-2010. Normal conditions represent around 65% out of the total
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values of SPEI for all times scales, in all three regions, while moderate drought 
and moderate wet conditions are almost equally distributed at around 10.5%. As 
the SPEI time scale increases, the difference between the percentages of 
extremely dry and extremely wet conditions changes on average from 0.2% 
(SPEI 1-month) to 4% (SPEI 24-month). As it is shown in Table 3, the 
frequency of extreme moisture conditions occurrence (the SPEI values outside 
±2) shows a slight tendency toward dry conditions, especially at long time- 
scales (12 and 24 months).

Table 3. Frequency distribution of monthly SPEI values in 7 classes of drought category 
(%) at time scales of 1, 3, 6, 12, and 24 months averaged per regions

R eg io n
E x trem e S ev ere M o d e r a te

N o rm a l
M o d e r a te S ev e r e E x trem

d ro u g h t d r o u g h t d r o u g h t w et w et e  w e t

SPE 1-1

I 2.10 5.37 10.13 64.66 10.22 5.59 1.93
11 2.24 4.71 10.53 64.52 10.56 5.61 1.83
III 1.92 5.06 10.20 65.39 10.24 5.26 1.92

S P E I-3

1 2.17 5.57 9.92 65.15 9.70 5.48 2.01
II 1.94 5.53 10.20 65.19 10.13 4.96 2.05
III 1.62 5.64 10.47 64.91 10.62 4.94 1.80

S P E I-6

I 2.85 4.83 9.87 64.90 9.96 6.01 1.58
II 2.64 4.86 10.42 64.71 10.24 5.59 1.53
III 2.56 4.39 10.38 65.47 10.08 5.65 1.47

S P E I-1 2

I 3.71 5.67 10.33 62.58 10.70 5.54 1.46
II 3.54 5.36 10.30 63.02 10.91 5.49 1.38
III 3.09 5.55 10.35 63.36 11.09 5.61 0.95

S P E I-2 4

I 5.27 5.89 11.09 60.26 10.42 5.91 1.16
II 5.18 5.4 11.02 60.53 11.33 5.44 1.10
111 4.98 4.95 10.98 61.92 11.36 5.02 0.77

1 : altitudes below 400 m,
I I : altitudes between 401, and 700 m 
III: altitudes above 700 m.

The results of the SPEI values for each station and the corresponding 
drought categories were mapped using a Surfer program. The Surfer program 
allows us to generate calculated data points (184 of station observations) on a 
regular spaced grid. We used the grid to generate the contour map (gridding by
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Kriging interpolation technique) of the spatial frequency distribution of 
moderate, severe, and extreme drought at 1, 3, 6, 12, and 24 months time scales 
{Fig. 4). The spatial interpolation of SPEI values ranges from the longitude of 
12.2°E tol8.8°E and the latitude of 48.6°N to 51.0°N. The lowest and highest 
grid points in the dataset have the elevation of 158 and 1490 m, respectively, 
with 1332 m elevation range {Table 4).

Table 4. Frequency distribution of moderate, severe, and extreme drought (%) 
occurrences during the warm period of the year at different time scales. It is spatially 
averaged over all stations (2=12.2°E - 18.8°E; <p=48.6°N - 51.0°N, h=158 1490 m a.s.l.)

C o o r d in a te s
S P E I-3 S P E 1 -6 S P E 1 -1 2 S P E I-2 4

X °E <p°N h , m

M o d e r a te  d r o u g h t

Mean 15.5 49.7 450 10.3 10.1 10.2 10.3 11.1
Minimum 12.2 48.6 158 6.7 6.3 5.7 5.0 4.0
Maximum 18.8 51.0 1490 15.7 14.7 15.0 15.3 17.0
Range 6.6 2.4 1332 9.0 8.3 9.3 10.3 13.0

S e v e r e  d r o u g h t

Mean 15.5 49.7 450 5.1 5.6 4.8 5.5 5.6
Minimum 12.2 48.6 158 2.7 2.3 1.7 2.3 2.3
Maximum 18.8 51.0 1490 8.7 10.3 8.7 8.7 8.7
Range 6.6 2.4 1332 6.0 8.0 7.0 6.3 6.3

E x tr e m e  d r o u g h t

Mean 15.5 49.7 450 2.1 2.0 2.7 3.6 5.2
Minimum 12.2 48.6 158 0.7 0.3 1.0 2.0 4.0
Maximum 18.8 51.0 1490 3.7 3.7 5.0 5.7 8.0
Range 6.6 2.4 1332 3.0 3.3 4.0 3.7 4.0

These maps show that the shortest time scales (1 and 3 months) produce 
clear spatial patterns for the drought frequency. In other words, great percentage 
of frequency distribution of moderate, severe, and extreme drought occurrences 
at 1,3, and 6 months (associated with meteorological and agricultural drought) 
were identified in regions with relatively low precipitation and high potential 
evapotranspiration (region I with mostly intensive agriculture, corresponding to 
the altitudes below 400 m).

The spatial analysis of the SPEI values with moderate drought 
occurrences during the growing period indicates that they tend to occur in the 
rain shadow of the Ore Mountains, in the south-eastern, south-western, and 
central parts of Elbe lowland at 1-3 months time-scales. Regions with elevations 
above 600 m are characterized by the lowest frequencies (lower than 9%) at the
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same time scales (left panel of Fig. 4). The spatial distribution of frequencies of 
moderate drought ranges between 6.3% and 15.7% {Table 4). The maximum 
frequencies of moderate drought (15.7% occurrences) are shown in region I 
(stations situated in lowland region below 400 m a.s.l.). As the time-scale 
increases from 6 to 12 months, no major changes are observed for maximum 
frequencies (reached 15.3% at SPEI-12), rather a shift in the low drought 
occurrences toward the Bohemian Upland region is detected. At 24-month time 
scale, the moderate droughts occur more frequently and cover more than 60% of 
the country territory. Their spatial occurence varies between 4% and 17%.
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Fig. 4. Frequency distribution of SPEI values in moderate (left panel), severe (central 
panel), and extreme (right panel) drought categories (%) at time scales of 1, 3, 6, 12, and 
24 months averaged for 50 years (1961-2010).

The occurrence of the severe droughts at shorter time-scales (1-3 months) 
was identified within the regions with the highest drought risk in the Czech 
Republic. According to the SPEI values, we found that high frequency of severe 
drought occurrences was detected in the following regions: lowlands of the Elbe 
river valley, central Bohemia, southern Moravia, and lowlands of southeastern
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and southern Bohemia (central panel of Fig. 4). The same results obtained by 
different drought indices are highlighted in other studies (Tolasz et al. 2007; 
Potop et al. 2008; Trnka et al. 2009; Potop et al. 2010; Mozny et al. 2012; Potop 
et al. 2011). These maps show the spatial distribution of severe drought which 
shifts from short-term (1 month, meteorological drought) and medium-term (3 
and 6 months, agricultural drought) to long-term droughts (12 and 24 months, 
hydrological drought). Severe meteorological drought (SPEI at 1 month) 
identified first in the north-western Bohemia and southern Moravia have then 
extended at longer time scales in Elbe lowland and south-eastern areas. Not 
significant differences are shown in the spatial distribution of severe drought 
occurrences as the time scale for calculation of SPEI was increased (Table 4). 
The maximum frequency of severe drought occurrences ranges between 8.7% 
and 10%, while on average at country level it is 5.5%.

As for the extreme droughts, regional differences in its occurrence are 
observed when increasing the SPEI time-scales (right panel of Fig. 4). The areas 
affected by extreme drought evolve gradually, and the regions turn to be 
affected by higher frequency of extreme drought from shorter time-scales 
(meteorological drought) to longer time-scales (hydrological drought). The 
resulted maps show more spatial variability in frequency of drought at 12 and 24 
months than for shorter time scales. In general, the SPEI at the 24 months time- 
scale indicates the more complex patterns of extreme drought frequency (right 
panel of Fig. 4). The highest percentage of extreme drought occurrences is 3.7% 
at short-term scale (SPE-1), whereas at medium-term (SPEI-3 and SPEI-6 
months) and long-term (SPEI-12, SPEI-24) the drought ranges from 5.7 to 8.0%. 
The frequency of extreme drought is the lowest or missing at stations with 
altitude more than 1000 m (0.3%).

3.3. Spectral analysis

The periodograms via fast fourier transform spectral techniques were also 
applied to search for significant periodicities in the time series of the SPEI<-1 
(moderate to extreme drought) averaged for the six months of the growing 
season (April-September). Table 5 presents the results of the spectral analysis: 
the peak frequency and the length of cycles exceeding the 95% confidence level 
at various time-scales. The frequency is calculated as the number of cycles per 
time unit (where each observation is treated as one unit of time). The results of 
the peak frequency and the length of cycle in spectral analysis calculated for the 
three regions have been analyzed. Thus, at 1 month SPEI, the peak frequency of 
0.41 (the number of units of time necessary to complete one full cycle) 
corresponds to a 2.5-year drought occurrence in the region I, while in the region 
II and region III the frequency of 0.34 corresponds to the occurrence of drought 
in every 3 years. This means that frequent meteorological drought events from 
moderate to severe in the SPEI-1 series are observed in every 2.5 years in the
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region I that is considered the warmest and driest area in the country, while in 
the regions II and III the frequency of meteorological drought slightly decreased 
(Table 5). A clear peak frequency and cycle length of 3-month and 6-month 
(corresponding to agricultural drought) was 0.20 standing for the drought 
occurence in every 5 years in all regions. The same result was reported in 
previous studies (Potop et al., 2008; Potop et al., 2010) which combine the three 
drought indices as a tool for the identification of the drought frequency in the 
Czech Republic. At the time-scale of 12-month (hydrological drought), the 
frequency peak was 0.11 corresponding to a drought occurrence period of 9.4 
years. As the results in Table 5 show, at time scale of 24-month (the largest 
socio-economic impact) there is a well-defined regional drought frequency 
pattern. In the region with the altitudes below 400 m, the frequency peak of 
drought was 0.13 corresponding to a period of drought occurrence of 7.6 years, 
while in the regions with altitudes between 401 and 700 m and above 700 m the 
frequency peaks were at 0.11 and 0.06, standing for the occurrence of drought in 
every 9.4 and 15.3 years, respectively (Table 5).

Table 5. Spectral analysis of SPEI<-1 series (at 95% confidence level) at time-scales 1, 3, 
6, 12, and 24 months (1961-2010) per regions

S P E I-1 S P E I -3 S P E I-6 S P E I -1 2  S P E I-2 4

I: th e  a lt itu d e s  b e lo w  40 0  m

P e a k  o f  f r e q u e n c y , % 0.41 0.20 0.20 0.11 0.13
L e n g th  o f  c y c le , y e a r s 2.50 5.00 5.00 9.40 7.60

II: th e  a lt itu d e s  b e tw e e n  401 an d  70 0  in

P e a k  o f  f r e q u e n c y , % 0.34 0.20 0.20 0.11 0.11
L e n g th  o f  c y c le , y e a r s 3.0 5.0 5.0 9.4 9.40

III: th e  a lt itu d e s  a b o v e  700  m

P e a k  o f  f r e q u e n c y , % 0.34 0.20 0.22 0.11 0.06
L e n g th  o f  c y c le , y e a r s 3.0 5.0 5.00 9.40 15.30

4. Conclusions

In this study, the characteristics of drought over the Czech Republic at various 
time-scales during the growing season (April-September) were analyzed. The 
drought was quantified with the standardized precipitation evapotranspiration 
index (SPEI) at 184 climatological stations during the period of 1961-2010. The 
main results can be summarized as follows:
(a) In order to identify the drought variability over the territory of Czech 

Republic the empirical orthogonal functions (EOF) approach was used.
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According to spatial distribution of coefficients of the EOF2, three drought 
homogeneous regions were distinguished, corresponding to the altitudes 
below 400 m, between 401 and 700 m, andabove 700 m: the lowlands and 
the high altitude regions.

(b) Regarding the drought time scales, most parts of lowlands and partially of 
highland regions are vulnerable to moderate agricultural drought during 
growing season. For the entire period of study, the vulnerability of extreme 
agricultural drought is low. Flowever, the evolution of agricultural drought 
in the second half of the 20th century and the first decade of the 21st 
century showed increasing frequency that has been reinforced by long dry 
periods in the 1990s and 2000s. The drought during these periods was 
associated with high temperature anomalies (i.e., more than 2.5 °C). 
Consequently, the SPEI has the ability to detect the reinforcement of 
drought severity due to the temperature increasing during the 1990s and 
2000s.

(c) The occurrences of various drought time-scales and severity categories 
show distinct patterns. The maximum frequencies of m oderate and severe 
drought were identified at stations situated in lowland regions below 
400 m. High number of severe meteorological and agricultural drought 
events also occured in the southern Moravia, the north-western Bohemian 
areas, the south-eastern areas, and in the Elbe lowland. In other words, the 
majority of the historical droughts occurred in the regions corresponding to 
the altitudes below 400 m and between 401 and 700 m. The highest 
percentage of extrem e drought occurrences was 3.7% at short-term scale, 
whereas the highest percentage of medium-term and long-term droughts 
ranges from 5.7 to 8.0%. The frequency of extreme drought is the lowest in 
the region with stations with altitude higher than 1000 m (0.3%).

(d) The short-term drought (meteorological drought) and mid-term drought 
(impacting agricultural production) occur at the whole territory of the 
country approximately in every three and five years, respectively. The 
long-term drought (impacting the water system) can occur in every nine 
years in all of the regions.
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/. Introduction

For Hungary, the Convention entered into force on May 25, 1994 and the Kyoto 
Protocol on February 16, 2005. Under the Kyoto Protocol, Hungary committed 
itself to reducing its net greenhouse gas (GHG) emissions by 6 percent 
compared with the average level for the period 1985-1987 (base year) during 
the first commitment period from 2008 to 2012.

Hungary’s 5th National Communication (NC5) complies in general with 
the UNFCCC Guidelines for the preparation of national communications, and
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Hungary considered most of the recommendations provided in the report on the 
in-depth review of the 4th National Communication (NC4) of Hungary.

The NC5 covers all of the sections required by the UNFCCC reporting 
guidelines and most of the supplementary information required under Article 7, 
paragraph 2, of the Kyoto Protocol, except for information on supplementarity 
relating to the mechanisms pursuant to Articles 6, 12, and 17 of the Kyoto 
Protocol (see Section 2). The NC5 does not include information required by the 
UNFCCC reporting guidelines on steps undertaken to limit or reduce GHG 
emissions from aviation and marine bunkers and on international activities 
relating to systematic observations, including Global Climate Observing System 
(GCOS) activities.

2. Assessment o f the current situation

In its NC5, Hungary has provided an overall description of the national 
circumstances and has elaborated on the framework legislation and key policy 
documents on climate change. Information has been provided on the 
government structure, population, geography, climate, settlement structure and 
building stock, economy and relevant economic sectors. However, while 
national circumstances were well described in the NC5, the analysis of how 
these national circumstances and changes affect GHG emissions and removals in 
Hungary could be further enhanced.

The main drivers of emission trends in Hungary include overall 
restructuring and reducing the levels of economic activity, and restructuring of 
primary energy supply, since Hungary undertook a transition from a centrally 
planned economy to a market based economy that has taken place in the 1990s. 
Since 1995, the economy has grown, with associated small growth in energy 
consumption, while GHG emissions have remained relatively stable and have 
decreased even further since 2005. The transparency of future national 
communications can be further enhanced by providing more information on the 
changes in sectoral emissions (e.g., transport, energy, industrial, and agricultural 
emissions) and the relationship between sectoral emissions and changes in 
activity, and on how the national circumstances are driving these changes. 
Table 1 summaries the relevant indicators of emissions and removals for 
Hungary.
The Hungarian Meteorological Service (together with the Forestry Directorate 
of the Central Agricultural Office and the Forest Research Institute) is 
responsible for the national GHG inventory. Climate change policy is 
underpinned by the National Climate Change Strategy 2008-2025 (NCCS), and 
a significant proportion of the PaMs are implemented at the national level. The 
implementation of climate change policy is set out in the National Climate 
Change Programme.
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Table /.Indicators relevant to greenhouse gas emissions and removals for Hungary

1990 1995 2000 2005 2008
Change3

1990-
2000

Change
2000-
2008

Change3
1990-
2008

(%) (%) (%)
Population (million) 10.4 10.3 10.2 10.1 10.0 -1.5 -1.7 -3.2
GDP (USD 2 000 billion 
using PPP) 115.1 102.1 123.7 152.2 160.8 7.5 30.0 39.8

TPES (Mtoe) 28.7 25.9 25.0 27.6 26.5 -12.8 5.9 -7.7
GDP per capita (USD 2 000 
thousand using PPP) 11.1 9.9 12.1 15.1 16.0 9.2 32.2 44.4

TPES per capita (toe) 2.8 2.5 2.4 2.7 2.6 -11.4 7.7 -4.7
GHG emissions without 
LULUCF (Tg C02 eq) 114.5a 78.7 77.1 79.8 73.1 -32.7 -5.1 -36.1

GHG emissions with LULUCF 
(Tg C 02 eq) 112.3a 71.9 75.9 75.3 68.6 -32.5 -9.5 -38.9

C 02 emissions per capita (Mg) 8.2 5.9 5.7 6.0 5.6 -30.0 -2.3 -31.6
C 02 emissions per GDP unit 
(kg per 2 000 USD using PPP) 0.7 0.6 0.5 0.4 0.4 -35.9 -15.4 —45.8

GHG emissions per capita (Mg 
C 02 eq) 11.0 7.6 7.5 7.9 7.3 -30.3 -3.5 -32.7

GHG emissions per GDP unit 
(kg C 02 eq per 
2 000 USD using PPP)

1.0 0.8 0.6 0.5 0.5 -36.2 -27.0 -53.4

Abbreviations'. GDP=gross domestic product, GHG = greenhouse gas, LULUCF = land use, land-use change 
and forestry, PPP = purchasing power parity, TPES = total primary energy supply.

Sources: (1) GHG emissions data: Hungary’s 2010 greenhouse gas inventory submission; (2) Population, 
GDP and TPES data: International Energy Agency.

Note'. The ratios per capita and per GDP unit are calculated relative to GHG emissions without LULUCF; the 
ratios are calculated using the exact (not rounded) values and may therefore differ from a ratio calculated 
with the rounded numbers provided in the table.

° For emissions, base year data are used instead of 1990 data, whereas GDP, TPES, and population data are 
for 1990, which may lead to some inconsistency in the calculation of GHG emissions per capita and per 
GDP unit.

GHG emission trends are provided for the period 1985-2007. This 
information is consistent with the 2009 national GHG inventory submission. 
Total GHG emissions excluding emissions and removals from land use, land-use 
change, and forestry (LULUCF) decreased by 36.1 percent between the base 
year and 2008, whereas total GHG emissions including net emissions or 
removals from LULUCF decreased by 38.9 percent. This was mainly attributed 
to C 02 emissions, which decreased by 33.8 percent over this period. Emissions 
of methane (CH4) also decreased by 28.5 percent, while emissions of nitrous 
oxide (N20) decreased by 56.9 percent. Most of these decreases were 
experienced during the years 1987-1995 (trends for 1987-1995: C 02 
27.3 percent, CH4 21.3 percent, N20  56.0 percent, and total GHGs 31.1 percent). 
Emissions of F-gases accounted for about 0.30 percent of total GHG emissions
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in 1995 and 1.28 percent in 2008. Total GHG emissions have decreased, mostly 
due to GHG emission reductions in industry (manufacturing industry and 
industrial processes), agriculture, and energy use in the sector “others” 
(residential and commercial sectors), driven chiefly by a decline in industrial 
output, restructuring and associated energy use, and agricultural production. 
During the same period that emissions from transport grew substantially, those 
from waste also increased. Table 2 provides an overview of GHG emissions by 
sector from the base year to 2008.

Table 2. Greenhouse gas emissions by sector in Hungary, 1990-2008

Shares“ by
GHG emissions (Tg C 0 2 eq) Change (%) sector (%)

BY “ 2007
Sector BY 1990 1995 2000 2005 2007 2008 -2008 -2008 BY 2008

1. Energy 82.9 70.5 60.8 57.8 59.8 56.7 55.5 -33.1 -2.1 72.3 75.9
A l. Energy 
industries 27.3 22.2 23.9 23.6 18.8 20.6 19.7 -27.8 -4.3 23.8 26.9

A2. Manufacturing 
industries and 20.1 15.0 11.0 8.5 8.7 7.2 7.0 -65.4 -3.7 17.6 9.5
construction 
A3. Transport 7.8 8.2 7.0

0000 12.2 12.8 12.9 65.7 0.4 6.8 17.6
A4.-A5. Other 25.0 22.7 16.4 14.5 17.9 13.9 13.8 —44.7 -0.5 21.8 18.9
B. Fugitive 
emissions 2.7 2.4 2.5 2.5 2.2 2.2 2.1 -21.7 -1.1 2.4 2.9

2. Industrial 
processes 10.9 8.9 5.5 6.3 7.0 6.0 4.7 -56.5 -20.6 9.5 6.5

3. Solvent and other 
product use 0.3 0.2 0.2 0.2 0.4 0.4 0.4 42.8 11.0 0.2 0.6

4. Agriculture 17.5 14.5 8.7 9.1 8.8 8.9 8.8 —19.8 -1.4 15.3 12.0
5. LULUCF -2.3 -2.9 -6.8 -1.2 -1.6 -2.9 -4.5 100.8 57.0 -2.0 -6.2
6. Waste 3.0 3.3 3.5 3.7 3.9 3.8 3.7 25.3 -1.6 2.6 5.1
7. Other NA NA NA NA NA NA NA NA NA NA NA
GHG total with 
LULUCF I t 2.3 94.4 71.9 75.9 75.3 72.8 68.6 -38.9 -5.8 NA NA

GHG total without 
LULUCF 114.5 97.4 78.7 77.1 79.8 75.7 73.1 -36.1 -3.4 100.0 100.0

Abbreviations: BY = base year, GHG = greenhouse gas, LULUCF = land use, land-use change and 
forestry, NA= not applicable.

Note: The changes in emissions and the shares by sector are calculated using the exact (not rounded) values 
and may therefore differ from values calculated with the rounded numbers provided in the table.

“ The shares of sectors are calculated relative to GHG emissions without LULUCF; for the LULUCF sector, the 
negative values indicate the share of GHG emissions that was offset by GHG removals through LULUCF.

After the sharp decline in emissions during the period 1987-1995, 
Hungary’s GHG emissions remained relatively stable until 2005 against the 
backdrop of stable economic growth. This suggests a decoupling of economic 
growth from the GHG emissions for that period. During the last three years
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between 2008 and 2009, Hungary’s emissions decreased even further, by 8.4 
percent, mainly due to a decrease in energy consumption, the extreme mild 
winter in 2007, and modernization in the chemical industry. Transparency of the 
reporting on GHG emission trends could be improved by providing additional 
information on sector-specific trends and relevant drivers.

3. Policies and measures

The key framework for climate and energy policy is the NCCS 2008-2025. The 
National Climate Change Programme (NCCP) gives effect to the 
implementation of the strategy, and the progress made in implementing the 
NCCS is reviewed every two years. The NCCS attaches priority to meeting the 
objectives of the EU directives and international conventions related to climate 
change that lead to a lower carbon economy, avoid adverse, ecological and 
social economic effects, and promote awareness of climate change.

Hungary expects to meet its Kyoto Protocol emission reduction target 
without any further measures. In accordance with the ‘without measures’ 
scenario, Hungary expects its emissions to be 11.8 percent below the base year 
level compared to the Kyoto target of 6 percent below the base year level. 
Hungary joined the EU ETS in 2005. Most emissions allowances are allocated 
freely during 2008-2012; however, from 2012, the quantity of free allowances 
will decrease by 17.4 percent compared to the average annual total quantity of 
allowances currently issued by EU member States.

Improvements to the energy efficiency of the residential sector have 
provided the most cost-effective and biggest impact on reducing GHG emissions 
in Hungary. The Hungarian residential sector is dominated by large pre­
fabricated apartment blocks built prior to the 1990s with low thermal efficiency, 
heated by district heating, and commonly fueled by oil and coal. Emissions from 
this sector decreased by 64 percent in 2008 compared to the base year level due 
to energy-efficiency improvements and the shift from coal to gas in the 
residential sector. In the 1990s and 2000s, policies to improve energy efficiency 
in the residential sector were strengthened and their benefits, in terms of 
improving air quality and human health and providing employment 
opportunities during the recession, were recognized.

The NC5 provided estimates of the effects of PaMs by sector and by gas 
for most sectors except for the agriculture, industrial processes, and waste 
sectors. Reduction in agriculture emissions would predominantly be from N20.

Limited information is available on the implementation costs of PaMs. 
Retrofitting and improving the energy efficiency of the building stock has 
largely been funded through the Green Investment Scheme (GIS) with finance 
raised from the sale of assigned amount units (AAUs). Hungary has invested 7.5 
billion Hungarian forints (HUF) from the GIS into retrofitting and improving the
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energy efficiency of the building stock. Hungary anticipates using the GIS 
further to fund investment in renewable energy supply.

Hungary has no PaMs in the agriculture sector that could potentially 
increase emissions through a growth in the output of livestock and cropping. 
None of the PaMs in the agricultural sector directly addressed GHG emission 
reduction. Further, the potential effects can hardly be quantified so that no 
precise information is available on the effects of PaMs on agriculture emission. 
Table 3 provides a summary of the reported information on the PaMs of 
Hungary.

Table 5. Summary of information on policies and measures

Major policies and 
measures

Examples/comments

Policy framework and cross-sectoral measures

National Climate Change 
Strategy (NCCS)

National framework for making climate change related decisions. The 
National Climate Change Programme is adopted every two years to 
implement the NCCS

Emissions trading European Union emissions trading scheme (EU ETS) from 2005. The 
existing installations have been allocated an average of 26.1 Mt of C02 
emission allowances per year during the period 2008-2012. About 13.1 
Mt are reserved for new entrants during this period

Policies and measures by sector

Energy

National Energy 
Efficiency Action Plan 
(NEEAP)

The NEEAP spans from 2007 to 2013 and encompasses a number of 
national energy-saving programmes and measures, including the Energy 
Saving Credit Fund and the Energy Certificate

Promotion of renewable 
energy sources

The Renewable Energy Strategy (RES) includes feed-in-tariffs for 
renewables and waste, and certificates of origin for RES electricity. It 
also supports various projects, including those promoting biomass, 
biogas, geothermal energy, and small-scale wind turbines
In line with the EU renewable energy directive, the renewables target is 
set to be 13 percent by 2020, which translates to 96 PJ based on a post- 
economic recession projection of energy supply

Energy-efficiency
improvements

The Hungarian Energy Efficiency Strategy and Action Plan designates 
the following areas for policy intervention: residential buildings, 
institutional buildings, energy transformation, traffic and transport, 
architecture, and typical energy consumption product groups that may 
have a more significant influence on the volume of energy needs
Energy efficiency in housing, funded through the Green Investment 
Scheme (GIS)
Energy efficiency in communal residences, which includes the upgrading 
of district heating systems and the conversion from coal to gas

Combined heat and 
power generation

Obligatory takeover of electricity produced through combined heat and 
power

Nuclear power Refurbishment and extension of existing capacity 
(6-10 Mt C 0 2 eq)

302



Major policies and 
measures

Examples/comments

Transport

Renewable transport 
target

Target of 10% renewable transport through biofuels and electric motives 
(including passenger cars)

Road pricing Tolls for heavy vehicles

Industrial processes

Joint implementation Project implemented to eliminate almost all N20  emissions from nitric 
acid production

Fluorinated gases Hungary is implementing the EU directive on F-gases

Agriculture

New Hungary Rural 
Development Strategic 
Plan

Increase of energy plantations and energy forests 

EU nitrates directive

Modernization of agriculture livestock production, crop production and 
machinery
Financial support for improved environmental management and animal 
management

Forestry

Afforestation Grants for afforestation
Restrictions on deforestation: any deforestation must be offset with equal 
or greater afforestation elsewhere
Emphasis on natural regeneration and the return to the natural state 
wherever possible

Waste
Waste prevention (including hazardous waste) and packaging reduction, 
as mandated by the EU
Landfill gas flaring or capture if economically viable
Upgrading waste incineration in Budapest, employing heat used for 
electricity and district heating
Reduction of landfill sites and rehabilitation of old sites

Note: The greenhouse gas emission reduction estimates given for some measures (in parentheses) are 
reductions in CO2 or C02 eq for the year 2020.

3.1. Policy framework and cross-sectoral measures

The current climate change policy is elaborated in the NCCS 2008-2025. The 
NCCS sets out the overall strategy for Hungary to address climate change, 
including mitigation and adaptation, as well as the communication of climate 
change. The NCCS was to be reviewed after two years and then every five 
years. However, the 2010 review was deferred to 2011 because of a substantive 
government restructuring and the preparation for the presidency of the EU
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during the first half of 2011. The NCCP implements the climate change 
measures, outlined in the NCCS and is reviewed every two years, and a new 
two-year programme is produced.

Hungary’s 2020 pledged emissions reduction target compared to 1990 
levels is a reduction of 16 —25 percent if the EU target is 20 percent, or a 
reduction of 27-34 percent if the EU target is 30 percent. The target for 2050 is 
a reduction of 80 percent, and Hungary’s vision for 2050 will be further 
elaborated in the revised NCCS during 2011. The higher end of the less stringent 
target (16-25 percent) is commensurate with the ‘with measures’ projected 
reduction relative to 1990 of 26 percent, and the higher end of the more stringent 
target (27-34 percent) is commensurate with the projected reduction in 
emissions under the ‘with additional measures’ projection for 2020 relative to 
1990. Hungary could be expected to meet the less stringent target with existing 
measures and the more stringent target with additional measures. Hungary has 
not reported on how it intends to make use of forestry removals to meet its 2020 
and 2050 targets.

Under the EU directive on energy efficiency, Hungary is to improve energy 
efficiency by 20 percent between 2008 and 2020 in the non-EU ETS trading 
sector. The energy efficiency allocation plan is yet to enter into force. EU 
directive 2009/28/EK sets a renewable energy target for Hungary’s primary 
energy supply of 13 percent by 2020.

Hungary complies with the climate change related directives of the EU; 
Hungary is planning to implement the EU directive on F-gases. Under the EU 
renewable energy target directive (2009/29/EK), Hungary’s target is to meet 13 
percent of total primary energy demand from renewable sources. The target, in 
absolute terms, equates to 96 PJ (13 percent of total projected energy supply in 
2020 of 740 PJ) by 2020 and was lowered to take into consideration lower-than- 
expected energy demand in 2020 due to the recent global financial recession. 
The transport sector’s target is to meet 10 percent of its energy demand from 
renewable sources, including biofuels and the electrification of road and rail 
transport. In addition, energy efficiency is to be improved by 20 percent between 
2008 and 2020 in the non-EU ETS trading sector. The energy efficiency 
allocation plan is yet to enter into force.

3.2. Policies and measures in the energy sector

Between the base year and 2008, GHG emissions from the energy sector 
decreased by 33.1 percent (27,392.9 Gg C 02 eq), mainly driven by reductions in 
energy demand in manufacturing industries and construction (-65.4 percent o r -  
13,154.6 Gg C 02 eq), and in the residential sector (-45.8 percent or -  
7,643.4 Gg C 02 eq). Between the base year and 1993, Hungary’s economic 
activity was substantially reduced during the transition to a market-based 
economy, causing the large reduction in emissions from manufacturing
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industries and construction. Emissions from the residential and commercial 
sectors were reduced by the shift from coal-fired to natural gas in heating plants 
and improvements in the thermal efficiency of the residential and commercial 
sectors.

The share of fossil-based fuel consumption in Hungary’s energy supply 
declined from 1990 to 2007 due to changes in economic activity. Between 1990 
and 2007, coal consumption decreased by 60 percent (from 186.4 to 74.2 PJ), oil 
consumption decreased by 57 percent (from 80.9 to 35.1 PJ), and gas 
consumption decreased by 47 percent (from 159.6 to 83.9 PJ). Over the same 
period, nuclear power increased by 7 percent (from 149.7 to 160 PJ), and 
renewables are estimated to have increased by 65 percent (from 18.5 to 30.6 PJ). 
Hungary also intends to make use of geothermal heat for district heating.

Nuclear power provided almost 40 percent of Hungary’s electricity supply 
in 2007. Hungary has implemented a parliamentary decree to extend the lifetime 
of the existing nuclear power plant and to increase the capacity of each of the 
four units from 440 MW to 500 MW. The refurbishment will ensure that at least 
40 percent of future electricity needs are met from nuclear power. Depending on 
the assumed fuel mix for generation, the refurbishment of the nuclear power 
plant will reduce Hungary’s GHG emissions by 6-10 Mt C 02 eq annually. 
Renewable energy sources. The renewable energy target has been set using 
energy projections made since the onset of the global recession, as expectations 
of future energy demand are now lower than projected before the recession. 
Preliminary sectoral targets to achieve this aggregate target are divided as 
follows: 14.3 percent for heating and cooling, 13.8 percent for power generation, 
and 10 percent for transport. Hungary has not yet determined how the renewable 
target will be financed but expects to make use of GIS funds.
Energy efficiency. Hungary has successfully reduced GHG emissions in the 
energy sector by increasing the energy efficiency of buildings, and the estimates 
suggest that there is still scope for further improvement. Buildings in need of 
thermal efficiency improvements are firstly graded for their thermal efficiency. 
The building owners finance the improvements to their building and the building 
is then graded again for thermal efficiency. A grant of up to 60 percent is paid 
for successful improvements. Larger grants may be paid if the upgrade exceeds 
expectations and a higher grade is achieved. Funding for the programme is 
provided from the GIS. The returns, in terms of energy savings to the 
programme, are high. From an initial investment of HUF 3.3 billion, the energy 
savings are estimated to be HUF 30 billion. The benefits of the scheme appear 
large and could possibly occur under ‘business as usual’. There is a need for 
Hungary to continue to re-evaluate the scheme in order to ensure that the 
improvements do not occur under ‘business as usual’, and because the benefits 
of the scheme are likely to diminish over time as energy efficiency is improved. 
Residential and commercial sectors. Emissions from the residential and 
commercial sectors have decreased from 16.7 Mt C 02 eq to 9.1 Mt C 02 eq
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between the base year and 2008. The reduction is largely due to improvements 
in energy efficiency and the shift from coal-fired heating to gas as well as 
improvements to the thermal efficiency of pre-1992 residential and commercial 
buildings. Other PaMs for the residential sector include: voluntary measures and 
awareness-raising campaigns, including labelling of appliances and household 
boilers; and financial incentives for the replacement of refrigerators and freezers 
with more efficient appliances. Buildings in Hungary are required to have 
energy rating certificates prior to sale.
Transport sector. In contrast to the other sectors where emissions declined, 
emissions from the transport sector increased by 65.7 percent during the period 
1990 -2008. This reflects changes in lifestyle and a major shift from public 
transport to private cars. The transport fleet underwent significant modernization 
during the 1990s and up to 2004, from an old car fleet with a high proportion of 
2-stroke engines to modem vehicles meeting EU emissions standards. However, 
the average age of the cars increased from 10.5 years to 11.7 years between 2004 
and 2008, largely due to financial difficulties preventing individuals from 
financing new vehicles. Hungary’s road infrastructure is still expanding in order to 
catch up with the level of road infrastructure in more developed EU countries. 
Hungary applies a differentiated road tax on purchases of motor vehicles 
(irrespective of age) graduated on emissions standards, which is in inverse 
relationship to the vehicle emissions standard. Environmental testing for smoky 
vehicles was previously annual for cars older than four years. In recent years, each 
has to go through a mechanical test every second year, however, this includes 
environmental testing too. Compliance with vehicle testing is still strictly enforced, 
but with less frequency, which is more cost effective for the vehicle owners.

Hungary has a 10 percent domestic reduction target for emissions from 
transport relative to projected transport emissions in 2020. Much of the 
emissions reduction is expected to be made through the renewables transport 
target. Other transport policies include: the improved integration of public 
transport systems; park and ride systems; the modernization of the transport 
fleet; and tolls on heavy vehicles. Existing measures in the transport sector are 
expected to reduce transport emissions by 7 percent relative to projected 
transport emissions in 2020. How the remaining 3 percent emissions reduction 
will be achieved remains unclear. Hopefully, the introduction of more stringent 
emission standards, and the EU-wide regulation on decreasing the GHG 
emissions (caps) of a producer’s car fleet will help to close the gap.

Hungary is land-locked but can use the Danube River for some 
international shipping. Currently, there are no Hungarian flagged ships engaged 
in international shipping on the Danube River. Shipping on the Danube River is 
largely unscheduled and informal, over which Hungary has no specific 
jurisdiction. Historically, Hungary has used the Danube River for freight 
transportation and believes that an opportunity exists to use the river for freight 
transport, again with a view to reducing road freight emissions
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Industrial sector. The focus of PaMs in the industrial sector is on improving 
energy efficiency through financial support programmes, energy audits, and 
voluntary programmes. Funding is available through financial assistance on a 
grant basis provided by the EU programme, Poland and Hungary: Assistance for 
Restructuring their Economies (PHARE). Funds have been set aside to increase 
renewable energy and reduce energy loss in energy carriers. Beneficiaries also 
include municipalities, private and municipality-owned companies. The 
technologies are mainly efficient street lighting, small-scale combined heat and 
power systems, improvements of production processes, and -  to a lesser extent -  
projects involving renewable energies.

Financial incentives in the form of grants are also available under the 
efficient energy consumption instrument to reduce energy consumption in 
buildings and to modernize district heating and buildings for small- and 
medium-sized enterprises. Large energy consumers are required by law to 
employ an energy manager and to report on energy consumption and efforts 
being implemented to improve energy efficiency. Reporting of PaMs in the 
industrial sector could be improved by separating out the activities related to the 
non-industrial sector (e.g., improving the efficiency of street lighting) and 
wherever several PaMs target one activity (e.g., improving boiler efficiency).

3.3. Policies and measures in other sectors

Between the base year and 2008, GHG emissions from industrial processes 
(including solvent and other product use), agriculture, and waste decreased by 
44.2 percent (14,013 Gg C02 eq), mainly driven by reductions in emissions from 
agriculture and industrial processes. The trend in GHG emissions from industrial 
processes (including solvents and other product use) showed a notable decrease 
of 54.0 percent (or 6,039 Gg C 02 eq). The decrease in emissions from 
agriculture was of the same range, 49.8 percent (or 8,728 Gg C 02 eq). In 
contrast, emissions from the waste sector increased by 25.3 percent (753 Gg 
C02 eq).
Industrial processes. The decrease in GHG emissions from the industrial 
processes sector (including solvents and other product use) between the base 
year and 2008 was mainly driven by reductions in economic activity and the 
closing down of some industrial facilities following Hungary’s transition to a 
market economy. A joint implementation project also contributed to a reduction 
ofN 20  emissions from nitric acid production by 1,423 Gg C 02eq between 2006 
and 2008.
Agriculture. Between the base year and 2008, the decrease in GHG emissions 
from the agriculture sector was mainly driven by reductions in agriculture 
activity following Hungary’s transition to a market economy (Kovács-Székely 
and Szalui, 2009). Total emission reductions due to agriculture measures were 
reported to be 1,244.56 Gg C02 eq by the year 2020; however, information on
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the effect of agriculture policies was not provided separately for N20  and CH4 
emissions. Most of the abatement in agricultural emissions was expected to 
come from reduced emissions of N20  driven by the implementation of the EU 
nitrates directive. The focus of the implementation of this directive in Hungary 
is on improved farming practices.

Most of the reduction in agriculture emissions would be from N20  from 
protein forage optimization and derived nitrogen (N) excretion reductions. The 
N excretion reductions are driven by EU directives and implemented through 
improved farming practices. PaMs were modeled jointly to correctly account for 
the overlap (or double counting) between policies.

Other PaMs in the agriculture sector focus on the modernization of farming 
systems, financial support for improved environmental practices, and 
afforestation on agricultural land.
LULUCF. The LULUCF sector was a net removal of 4,515 Gg C 02 eq in 
Hungary in 2008, and the net GHG removal increased by 2,267 Gg C02 eq from 
the base year. The trend was mainly driven by afforestation policies. 
Information on policies to effect LULUCF activities under Article 3, paragraphs 
3 and 4, of the Kyoto Protocol was not provided in the NC5.

Hungary has implemented a new Forestry Act of 2009 replacing the 1996 
Forestry Act. The emphasis of forestry policy in Hungary is on the promotion of 
afforestation. In accordance with this policy, any deforestation (settlements and 
highways) must be compensated by an equivalent or greater amount of 
afforestation elsewhere. Deforestation for agriculture and over-thinning is not 
permitted. Forests must be allowed to regenerate to the most natural state 
possible wherever applicable. Until 2004, funding for afforestation was provided 
by the Hungarian Government but now the EU provides funding for most of the 
afforestation activities. Within the agri-environmental programme, 44,000 ha 
have been approved for afforestation, and the total area for afforestation under 
the programme (69,000 ha) appears feasible. The effects of PaMs in the forestry 
sector which were reported in the re-submission of the 2010 annual inventory on 
November 8, 2010 are as follows: removals in 2008 totaled 1.16 Mt C02 from 
afforestation and reforestation activities and 2.8 Mt C 02 from forest 
management activities under Article 3, paragraph 4.
Waste management. Between the base year and 2008, GHG emissions from the 
waste sector increased by 25.3 percent (or 753 Gg C02 eq). Information on the 
effects of policies on the waste sector by gas has not been provided. The key 
policy to reduce waste and waste emissions is implemented in the context of the 
EU waste management directive and is under transposition into domestic 
legislation. The directive focuses on waste prevention and minimization, 
separation, reuse, and recycling. This includes the prevention of hazardous 
waste and the reduction of the amount of packaging.

The number of solid waste disposal sites across Hungary was 
approximately 2,600 in year 2002 of which only 1,000 sites operated. Between
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2002 and 15 July 2009 their number decreased to 75, out of which the number of 
municipal solid waste disposal sites dropped from approximately 150 to 57. 
Closed sites are rehabilitated and checked to ensure that there is no wastewater 
leaching. Landfill sites are assessed for landfill gas capacity. Sites determined to 
have a positive economic value of landfill gas use landfill capture, otherwise the 
gases are flared. Whether the gas is captured or flared depends on the economic 
assessment. One waste management facility in Budapest has been retrofitted and 
the waste is burned for district heating and electricity generation.

4. Projections and the total effect o f policies and measures, and 
supplementarity relating to the Kyoto Protocol mechanisms

4.1. Projections overview, methodology, and key assumptions

Hungary submitted three scenarios in its NC5, with 2005 as the starting year: (a) 
a ‘without measures’ (WOM) scenario, also called the ‘baseline’ scenario, which 
is presented as a theoretical trend line for comparison under the assumption of 
’frozen technology4 (no efficiency improvements in the power sector and energy 
demand, and no increase in the renewables share), while activities change; (b) a 
‘with measures’ (WM) scenario (called ‘with existing measures’ in the NC5), 
which includes the effects of full implementation of existing and adopted 
measures, as well as the assumption that renewables targets will be met 
according to the base case in the Renewable Energy Strategy (RES) (an 11-13 
percent renewables share of total primary energy consumption by 2020); and (c) 
a ‘with additional measures’ (WAM) scenario, which assumes that renewables 
targets will be met according to the more ambitious scenario defined in the RES 
(a 13-15 percent renewables share of total primary energy consumption by 
2020), and that other planned and possible new measures will be implemented, 
in addition to the ones already included in the WM scenario. This scenario also 
envisages that the EU ETS (covering power and heating plants, oil refineries, 
and production installations in industry) will continue until 2020 with a carbon 
price of EUR 24 -30/t, while the non-EU ETS sector (covering households, 
transport, waste, agriculture, and services) will achieve a 10 percent reduction in 
emissions.

The methodology used for preparing projections is well described in the 
NC5. Different approaches are used in different sectors. For most sectors 
(energy, waste, transport, industry, households, and the tertiary sector) the 
HUNMIT model is used. HUNMIT is a modeling framework that uses a bottom- 
up approach to estimate the demand of useful energy (i.e., energy for lighting 
and heating), rather than projecting energy demand based on fuel use. Input 
factors to the model are the population forecast, fuel prices, demand for 
electricity, and industrial and district heating. The model works out the most 
cost-effective fuel mix for the whole energy system. The HUNMIT model can
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assess multiple policies simultaneously, thus ensuring that abatement estimates 
are not double counted. For LULUCF (forestry), a carbon accounting model 
called CASMOFOR is used, which takes into account the afforestation rate 
(total area in ha/year), site fertility, and species composition (slow- versus fast­
growing species). For the agriculture sector, projections are based on work 
undertaken by the Agricultural Economics Research Institute (AERI), which 
uses several models: (1) the HUSIM model for developing major macro 
indicators; (2) the FARM-T model to analyze structural changes in agriculture; 
and (3) the MICROSIM model for farm-level forecasts on the farms which 
could become bankrupt.

The NC5 presents key assumptions on GDP growth, fuel prices, power 
production, emission factors for electricity generation, population, waste 
disposal, number of kilometres traveled by passenger cars, and the thermal 
efficiency of fossil plants for the years 2010, 2015, and 2020 in tabular format. 
Assumptions on the carbon price up to the year 2020 are also given in the text. 
Assumed changes in the activity rate in preparing projections are given in an 
appendix to the NC5 as five-year averages (2005-2010, 2010-2015, 2015-2020 
and 2020-2025) for the following subcategories: different power plants in power 
generation and heat production; different subsectors in industry; housing stock 
and appliances used in households; building stock and appliances used in the 
tertiary sector; and waste management. Assumptions on GDP and population are 
similar to those in the NC4. Assumptions and, accordingly, projections do not 
take into account the recent economic crisis.

The sensitivity of the results using different input parameters is discussed 
in the NC5. The main parameters that have been considered are discount rates, 
energy prices, and C 02 emission factors for electricity. The impact of a variation 
in these parameters on the projected GfIG emissions is discussed in the NC5 
only qualitatively, and no resulting numbers/uncertainty ranges are provided.

4.2. Results o f projections

Hungary’s base year emissions were fixed at 115.4 Mt C02 eq during the initial 
review. Hungary’s quantified emission reduction commitment is 94 percent. 
This yields a target of 108.5 Mt CO? eq annual emissions for the Kyoto Protocol 
first commitment period (2008-2012). Hungary is on track to overreach this 
target by domestic efforts alone. In 2008, Hungary’s total aggregated GHG 
emissions were 36.6 percent below base year levels, and 32.6 percent below the 
Kyoto Protocol target. The ‘with measures’ projections indicate that Hungary’s 
GHG emissions will be 31.8 percent below the Kyoto Protocol target in 2010. 
Activities under Article 3, paragraphs 3 and 4, of the Kyoto Protocol are 
expected to provide further annual emission reductions and relevant removal 
units of 3.8 Mt C 02 eq in 2010.
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Table 4 summarises the projected emissions. Under the ‘with measures’ 
scenario, between the base year and 2010, C 02 emissions are expected to 
decrease by 36.2 percent, CH4 emissions by 17.3 percent, N20  emissions by 
47.6 percent, while F-gases are expected to increase by 203 percent.

Table 4. Summary of greenhouse gas emission projections for Hungary

Greenhouse gas 
emissions
(Tg C 0 2 eq per year)

Changes in relation to 
base year level (%)

Changes in relation to 
1990 level (%)

Inventory data 1990 “ 97.365 -15.63 0.00
Inventory data 2008 " 73.139 -36.62 -24.88
Kyoto Protocol base 
year6 115.397 0.00 18.52

Kyoto Protocol target6 108.473 -6.00 11.41
‘Without measures’ 
projections for 2010'" 85.915 -25.55 -11.76

‘With measures’ 
projections for 2010C 73.949 -35.92 -24.05

‘With additional 
measures’ projections for 
2010c

73.489 -36.32 -24.52

‘Without measures’ 
projections for 2020c 100.865 -12.59 3.59

‘With measures’ 
projections for 2020‘ 73.276 -36.50 -24.74

‘With additional 
measures’ projections for 
2020c

66.562 -42.32 -31.64

Sources: " Hungary’s 2010 greenhouse gas (GHG) inventory submission; the emissions are without land use, 
land-use change and forestry (LULUCF).

h Based on the initial review report contained in document FCCC/IRR/2007/HUN. 
c Hungary’s 5th National Communication.

Beyond the first commitment period of the Kyoto Protocol, according to the 
‘with measures’ projections, between 2005 and 2020 total C 02 emissions will 
decrease by 3.8 percent, CH4 emissions will increase by 3.7 percent, N20  emissions 
will increase by 9.8 percent, and F-gases are expected to increase by 15.5 percent. 
Under the ‘with measures’ scenario, the relative contribution to the total GHG 
emissions (in C02 eq) in 2010 is 74 percent for C02, decreasing to 72 percent in 
2020; I I percent for CH4 in 2010, increasing to 12 percent in 2020; 14 percent for 
N20  in 2010, increasing to 15 percent in 2020; and 1 percent for F-gases in 2010 
and 2020. The past and forecasted emission trends are shown in Fig. 1.

The effects of the recent global recession was considered on the short term 
by setting activity rate changes between 2005 and 2010 to a very low level 
(stagnation).
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Sources: (1) Data for the years 1990—2008: Hungary’s 2010 greenhouse gas inventory submission; 
the emissions are without land use, land-use change and forestry (LULUCF). (2) Data for the years 
2005-2020: Hungary’s 5th National Communication; the emissions are without LULUCF.

Fig. 1. Greenhouse gas emission projections.

Hungary has a conditional objective with regards to emission reductions up 
to 2020, defined in the NCCS: in the case of an EU emissions reduction target of 
20 percent, Hungary would commit to a 16-25 percent reduction by 2020, 
compared to 1990 levels, and if the EU emissions reduction target is 30 percent, 
Hungary would commit to a 27-34 percent reduction by 2020. Based on 
Hungary’s 1990 emissions figures in the latest NIR of 97.4 Mt C02 eq, these 
commitments would translate to an emissions target of 73.0-81.8 Mt C 02 eq 
(for an EU target o f-20 percent) or 64.3- 71.1 Mt C02 eq (for an EU target of -  
30 percent). The less ambitious commitment would be met under the current 
‘with measures’ scenario, if all PaMs included in this scenario deliver emission 
reductions according to the expectations. The more ambitious commitment 
would be met under the ‘with additional measures’ scenario.

4.3. Total effect o f policies and measures

In the NC5, Hungary presents the estimated and expected total effect of 
implemented and adopted PaMs in accordance with the ‘with measures’ 
definition, compared with a situation without such PaMs. Information is 
presented in terms of GHG emissions avoided or sequestered (on a C 02 eq 
basis) in 2010, 2015, and 2020. It also presents relevant information on factors 
and activities for each sector for the years 2005-2020/2025.

Hungary reported that the total estimated effect of adopted and 
implemented PaMs is 10.7 Mt C 02 eq in 2010, 18.2 Mt C 02 eq in 2015, and
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24.1 Mt C02 eq in 2020. According to the information reported in the NC5, the 
RES will deliver by far the largest emission reductions, followed by the EU ETS 
and the NEEAP. Within the NEEAP measures, PaMs in the industrial sector will 
deliver the largest emission reductions, followed by measures in the tertiary and 
household sectors. The most effective PaMs and drivers behind GHG emission 
reductions are described in Section 2. Table 5 provides an overview of the total 
effect of PaMs as reported by Hungary.

Under the ‘with measures’ scenario, the power supply sector is the main 
source of emissions in 2005, contributing 27 percent of total GHG emissions, 
followed by industry with 18 percent. The contribution of the power supply 
sector to total GHG emissions decreases constantly until 2020, both in absolute 
and relative terms. In 2020, the power sector is expected to contribute 19 percent 
of total emissions. In contrast, transport emissions are constantly rising, and by 
2020 the transport sector will replace power supply as the largest contributor of 
GHG emissions, with a 22 percent share of total GHG emissions. The relative 
contribution from the agriculture sector also increases constantly, from 12 
percent in 2005 to 16 percent in 2020.

In absolute terms, under the ‘with measures’ scenario, the main reduction 
between 2005 and 2020 is expected to take place in the power supply sector, by 7.8 
Mt C02 eq. Emissions in the transport sector are expected to increase in the same 
period by 3.6 Mt C02 eq, and in the agriculture sector by 2.0 Mt C02 eq. A reduction 
of 2.7 Mt C02eq is expected in the industry sector between 2005 and 2020.

Table ^.Projected effects of planned, implemented, and adopted policies and measures in 
2010 and 2020

Sector

Effect of Relative Effect Relative Effect of Relative Effect Relative 
implemented value including value (% implemented value including value 
and adopted (% of planned of base and adopted (% of planned (% of 
measures base year measures year measures base year measures base year 
(TgC02eq) emissions) (TgC02eq) emissions) (Tg COj eq) emissions) (TgC0 2eq) emissions)

2010 2020
NEEAP
household 0.297 0.26 0.383 0.33 1.343 1.16 2.274 1.97
tertiary 0.375 0.32 0.424 0.37 1.504 1.30 2.210 1.92
industrial 0.502 0.44 0.693 0.60 2.236 1.94 3.996 3.46
transport 0.080 0.07 0.134 0.12 0.361 0.31 0.771 0.67
intersectoral 0.004 0.00 0.004 0.00 0.020 0.02 0.026 0.02

NEEAP
total 1.258 1.09 1.638 1.42 5.464 4.73 9.277 8.04

RES 6.710 5.81 7.378 6.39 11.391 9.87 15.223 13.19
EU ETS 2.778 2.41 2.778 2.41 4.583 5.41 6.248 5.41
Total 10.746 9.31 11.794 10.22 21.438 18.58 30.748 26.65

Source: Hungary’s 5th National Communication.
Abbreviations'. EU ETS = European Union emissions trading scheme, NEEAP = National Energy Efficiency 

Action Plan, RES = Renewable Energy Strategy.
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5. Vulnerability assessment, climate change impacts, and adaptation
measures

In its NC5, Hungary has provided the required information on the expected 
impacts of climate change in the country and on adaptation options. Regional 
climate scenarios, using the REMO, NCAR RegCM, and ALADIN-Climate 
models for the Carpathian Basin, were provided for the years 2021-2040. The 
scenarios point to: a significant rise in temperature in all seasons; a decrease in 
the number of frost days; an increase in the number of days with heat alert; and 
an insignificant change in annual and seasonal precipitation. In June 2003, the 
Ministry for Environment and Water (KvVM) and the Hungarian Academy of 
Sciences (MTA) launched a joint research project entitled “Global climate 
changes, Hungarian impacts and responses”, which recently became known as 
the VAHAVA project. Based on the modeling studies and activities as part of 
this project (Bozó et al, 2010a), Hungary’s climate change impacts can generally 
be described as moderate, with an increasing probability of more severe impacts 
due to climate change. Agriculture, forestry, and human health are the sectors 
most likely to be affected (Csete et al., 2012). Hungary's NCCS 2008-2025 sets 
out Hungary’s long-term climate change policy direction. Adaptation is 
recognized as a key pillar of the policy, which will see its prominence increased 
in the revised NCCS due in 2011. Table 6 summarizes the information on 
vulnerability and adaptation to climate change presented in the NC5.

The key vulnerabilities due to climate change for Hungary are attributed to 
water resource management (Kovács et al., 2010). Increased surface temperature 
and heat, and a decrease in precipitation would have a direct impact on 
hydrology, leading to reduced water availability and the drying of soils. At the 
other extreme, increased frequency and intensity of precipitation can lead to 
Hoods, the inundation of low-lying areas, and hydromorphological changes 
(Tanos et al., 2011). The NC5 did not demonstrate any rigorous assessments 
specific to Hungary; most information was adopted for the local situation. 
However, the VAHAVA study contained more specific examples which could 
have been included in the NC5. Such targeted information should be included in 
future national communications.

The NC5 recognizes the critical role of adaptation on a timely basis and 
examines the climate-security nexus in the critical areas of ecosystems, 
agriculture and forest management, infrastructure and water management. 
Particular issues arising out of the urban heat problem (i.e., the heat effect due to 
urbanization) are highlighted, given that Hungary’s urban population is 
forecasted to rise to 80 percent of the total population in a few years. The 
importance of adaptation in the above areas is described, and possible adaptation 
measures to deal with the likely impacts of climate change are outlined. Many of 
the adaptation measures are generic responses to impacts as contained in the 
literature (Szenteleki et al., 2012). There is scope for more targeted, localized
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responses, which Hungary should include in its future national communications 
(Kis-Kovacs et al., 2011).

Table 6. Summary of information on vulnerability and adaptation to climate change

V u ln e r a b le  a r e a E x a n ip l e s / c o m n ie n t s /a d a p t a t io n  m e a s u r e s  r e p o r t e d

Agriculture and food 
security

Vulnerability: The vulnerability of the agriculture sector is estimated to 
be high
Adaptation: The use of appropriate land use and cultivation, irrigation 
and relevant technologies are possible adaptation measures. Studies of 
the relationship between climatic variables and species and the 
agronomic characteristics of crops will underpin adaptation measures

Biodiversity and natural 
ecosystems

Vulnerability: Natural habitats and biodiversity are likely to be 
negatively impacted. The availability of water was recognized as a key 
driver. The social and economic services rely on healthy ecosystems 
Adaptation: More data and studies are needed to estimate specific 
climate change impacts on horticulture and other ecosystems

Drought Vulnerability: The modelling results point to extremes of rainfall, with 
reduced amounts in some regions
Adaptation: The use of technologies in specific sectors are possible 
adaptation measures

Forests Vulnerability: Forests are also recognized as being vulnerable to water 
availability and temperature
Adaptation: The use of technology and further studies on the behaviour 
of species in response to changes in climatic variables are suggested

Fluman health 

Infrastructure and econom

Water resources

Vulnerability: An increase in temperature would lead to an increase in 
the number of days with heat alert. This has implications on human 
health, especially among Hungary’s ageing population 
Adaptation: No specific measures are mentioned 

y Vulnerability: This is recognized as a major security issue
Adaptation: The need for further assessment of the effects of climate 
change on key infrastructure, such as roads, drainage and storage 
facilities, is recognized. The ability to respond to these challenges, 
through a risk-based approach, needs to be strengthened
Vulnerability: This is a key sector that is vulnerable to the extreme 
situations of excess and reduced water availability as well as quality. It 
would affect many sectors, such as agriculture, forestry, health, and 
ecosystems
Adaptation: The assessment and monitoring of water reserves, policies 
on water usage and flood control are possible adaptation measures

Vulnerability and impacts need to be based on solid scientific analysis and 
assessment. These in turn should form the basis of priority adaptation strategies 
and measures. Hungary should improve the linkages between the sections 
reporting on the scenarios, vulnerability, and adaptation in its future national 
communications.
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6. Research and systematic observation

Hungary has provided information on its actions relating to research and 
systematic observation, mainly in relation to domestic activities. There is, 
however, a lack of details on international activities, including the World 
Climate Programme, the International Geosphere-Biosphere Programme 
(IGBP), the GCOS, and the 1PCC. Hungary has not provided a summary of 
information on World Meteorological Organization (WMO) programmes and 
subprogrammes such as World Weather Watch (WWW), Global Atmosphere 
Watch (GAW), Global Observation System (GOS), GCOS, Global Ocean 
Observation System (GOOS), and Global Terrestrial Observing System (GTOS) 
activities. In addition, the NC5 does not reflect the action taken to support 
related capacity-building in developing countries. The lack of information in 
Hungary’s NC5 on the observational networks, data management, QC, and data 
exchange is noticable. While this information was provided by the Hungarian 
Meteorological Service, Hungary should include this information explicitly in its 
future national communications.

The VAHAVA project, carried out by the Hungarian Academy of Sciences, 
provides the scientific and technical basis for the NCCS. The NCCP outlines a 
comprehensive list of research activities, including collaboration at the EU and 
international levels. The modeling work is carried out as a joint activity between 
the Hungarian Meteorological Service and the Department of Meteorology at 
Eötvös Loránd University (Bozó, 2011). The international research activities are 
currently limited to EU countries, and Hungary has not reported on any other 
international research collaboration.

Funding for climate change research stems mainly from EU sources, as part 
of the cooperation programme under the 7th Research Framework Programme. 
The National Office for Research and Technology also provides funds for 
climate change research under the Liveable and Sustainable Environment, and 
the Defence and Security Research subprogrammes. The national research 
efforts appear to be well coordinated and supported through the active 
participation of the Hungarian Academy of Sciences, the Hungarian 
Meteorological Service, and national universities and research institutions. As 
part of the VAHAVA project, the periodical AGRO-21 has been developed, 
consisting of 18 volumes focusing on climate change and the required responses, 
covering almost all the main economic and social sectors, such as nature 
conservation, water management, agriculture, forestry, rural development, 
transport, energy, environmental health, settlements, and insurance. The largest 
positive result of this research project has been raising the awareness of the 
public to the importance of preparing for the adaptation to and mitigation of 
climate change and its impacts (Bozó et al, 2010b). However, Hungary has not 
reported on any initiatives to support capacity-building or research and 
development in developing countries.
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The bulk of the observational activities are carried out by the Hungarian 
Meteorological Service and the Department of Meteorology at Eötvös Loránd 
University. Hungary, as a member of the European Organization for the 
Exploitation of Meteorological Satellites (EUMETSAT), participates in satellite 
observation networks. Hungarian institutions have also participated in several 
international research efforts on carbon balance projects such as CarboEurope- 
IP, Carbon-Pro, and COST Action 725. Hungary was also part of the Adam 
Project 2006-09, implemented by the University of East Anglia (United 
Kingdom of Great Britain and Northern Ireland) involving around 19 countries 
undertaking adaptation and mitigation projects.

6.1. Education, training, and public awareness

In the NC5, Hungary has provided information on its actions relating to 
education, training, and public awareness at three levels of action: 
environmental education; publicly available environmental education; and 
strengthening the role of the media in raising awareness. A comprehensive list 
of courses and programmes offered by Hungarian colleges and universities is 
provided in the NC5, which underlines the diversity of climate change related 
studies; collaborative programmes with institutions in Greece, Sweden, and the 
United Kingdom have been set up.

The NC5 outlined the governmental support for education programmes 
and training related to climate change. Various organizations and professional 
bodies such as the Energy Centre, the Hungarian Green Building Council, and 
the Association for Sustainable Economies carry out regular workshops and 
conferences on climate change and sustainable development. In its NC5, 
Hungary has not reported on any joint training programmes or capacity­
building activities with developing countries. Such information should be 
present in future national communications.

A large and diverse range of activities to raise public awareness are 
highlighted in the NC5. These have been actively supported by non-governmental 
organizations (NGOs), churches, and business councils. The Hungarian 
Government organized a Climate Road Show in 2008 aimed at raising awareness 
of climate change throughout the country. A government-administered website -  
Liveable Environment (http://www.elhetokomyezet.hu)- is also dedicated to 
raising public awareness. Hungary used the opportunity provided through the EU- 
funded You Control Climate Change campaign to raise awareness about global 
climate change. International NGOs, such as Greenpeace and the World Wildlife 
Fund (WWF), have been active at global forums such as the Road to Copenhagen, 
and Earth Hour. Civil society in Hungary appears to be well organized and 
supported in its public awareness and advocacy campaigns. A survey conducted 
by the NGOs showed a high level of public awareness of climate change issues, 
although the behavioral change activities at the domestic level are often dictated 
by economic considerations.
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7. Conclusions and recommendations

Hungary’s emissions for 2008 were estimated to be 36.1 percent below its base 
year level excluding LULUCF and 38.9 percent below including LULUCF. 
Emissions decreases were driven by a downturn in the economy, fuel switching 
to less carbon-intensive fuels, and a restructuring of the economy.

Hungary presents GHG projections for the years 2010, 2015, and 2020, 
using 2005 as the starting point for the projections. Three scenarios are included: 
the baseline (‘without measures’) scenario; the ‘with measures’ scenario (called 
‘with existing measures’ in the NC5); and the ‘with additional measures’ 
scenario. The projected reductions in GHG emissions under the baseline 
scenario, in relation to the base year, and under the ‘with measures’ and ‘with 
additional measures’ scenarios, are 25.6, 35.9, and 36.3 percent, respectively, for 
2010. Thus, the projections indicate that Hungary can meet its Kyoto Protocol 
target (which is a 6 percent reduction), even under the baseline scenario with the 
domestic policies currently in place. Moreover, GHG emissions are not expected 
to exceed the Kyoto Protocol target even by 2020.

The National Climate Change Strategy 2008-2025 and the promotion of 
energy efficiency and renewable energy are among the most important PaMs in 
reducing GHG emissions. The benefits of the energy efficiency PaMs in 
Hungary appear to be high relative to the cost and could possibly occur under a 
‘business as usual’ scenario. It is, therefore, important for Hungary to continue 
to re-evaluate the energy efficiency measures in place in order to ensure that the 
improvements would be additional to what could occur under ‘business as 
usual’, given that the benefits of the scheme are likely to diminish over time as 
the energy efficiency of the housing stock is improved.

Mitigating emissions from transport is the most challenging part of the 
overall mitigation strategy for Hungary. Under the PaMs currently in place, 
Hungary expects to reduce transport emissions by only 7 percent between 2005 
and 2020. Additional PaMs need to be put in place in order to reach the national 
target of at least a 10 percent reduction in emissions from the transport sector. 
Further, options to support measures to achieve the renewable energy supply 
target in Hungary of 13 percent by 2020 need to be explored, given that no 
PaMs have been implemented yet to meet this target. The introduction of more 
stringent emission standards, and the EU-wide regulation on decreasing the 
GHG-emissions (caps) of a producer’s car fleet will help to close the gap.

The key vulnerabilities are attributed to water resource management, which 
will be impacted by extremes of precipitation and temperature increase. Climate 
change impacts are expected to be visible in other sectors as well, including 
agriculture, forestry, biodiversity, and health. Various adaptation measures are 
explored as potential responses to these impacts.

Hungary has actions relating to research and systematic observation, and 
has effectively addressed its domestic activities. There are references to its
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international activities, including the World Climate Programme, the IGBP, the 
GCOS, and the IPCC. Hungary contributes effectively to EU observation efforts 
and participates in a number of carbon monitoring projects. There is a growing 
emphasis on research activities on climate change and its impacts under the 
guidance of the Hungarian Academy of Sciences and various universities. There 
is also a substantial emphasis on integrating climate change education into 
formal programmes at the primary, secondary, and tertiary levels.

Several recommendations can be formulated related to the completeness 
and transparency of Hungary’s reporting under the Convention and its Kyoto 
Protocol. The key recommendations are that, in its future national 
communications, Hungary includes information on:

a. The effects of PaMs on GHG emissions for all sectors and gases, 
especially for the agriculture, waste, and industrial processes sectors;

b. The steps undertaken to limit or reduce GHG emissions from aviation and 
marine bunkers;

c. The use of the mechanisms under Articles 6, 12 and 17 of the Kyoto 
Protocol and their supplementarity to domestic action.

It is recommended that Hungary undertakes a number of improvements 
regarding transparency and completeness of reporting as follows:

d. Provide a clearer link throughout the national communication between 
national circumstances, the GHG emissions profile and emission trends, 
and PaMs;

e. Provide more details on the climate change governance structure and 
explain how PaMs are implemented by municipal governments, in 
particular how central government can affect climate policies at the 
municipality levels given that municipalities have competencies over 
policy issues at those levels;

f. Provide more detailed information on how EU-directed policies are 
implemented in Hungary and their impact on emissions;

g. Provide a best estimate of the projected effects of the EU ETS in the PaMs 
chapter, and explain any overlap with existing PaMs;

h. Provide information on activities under Article 3, paragraphs 3 and 4, of 
the Kyoto Protocol;

i. Provide further information on its activities in the area of research, and 
data gathering, in particular on the collaboration with developing countries 
and other international agencies/organizations;

j. Provide further information on international activities relating to 
systematic observations, including GCOS activities;

k. Enhance the linkages between the sections on research, modeling, 
vulnerability assessments, and adaptation measures;
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l. Provide further information on the minimization of adverse effects and 
impacts in accordance with Article 2, paragraph 3, and Article 3, 
paragraph 14, of the Kyoto Protocol;

m. Provide projections of the following indirect GHGs: carbon monoxide 
(CO), nitrogen oxides (NOX), non-methane volatile organic compounds 
(NMVOCs), and sulfur dioxide (S02).

n. Provide strengths and weaknesses of modeling environments used for 
emission forecasting.
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Abstract—Satellite data indicate that the dust concentration over Pakistan and its 
surrounding regions is substantially large especially in summer season when 
southwesterly winds actively bring additional dust (apart from local deserts) from eastern 
Africa and the Arabian Peninsula. To assess the potential response of summer rainfalls in 
Pakistan for dust concentrations, in this study we use an atmospheric general circulation 
model with prescribed sea surface temperatures and elucidate that the contribution of dust 
in modulating summer precipitation can be substantial with mainly positive responses 
over northern and southern Pakistan while negligibly small negative response over the 
central region. The anomalous results for dust aerosols in the model are calculated as the 
difference between two types of ensemble sensitive experiments with one ensemble 
simulation including dust while in the other ensemble the dust is removed over a selected 
domain. The maximum amount of enhanced rainfall is about 0.7 mm/day which is 
approximately 10% of the summer season rainfall in northern Pakistan. Such anomalous 
amplification in rainfall is realized through the advection of moist static energy into land 
regions of Pakistan as well as the additional supply of moisture from the Bay of Bengal 
and the Arabian Sea.

Key-words: dust aerosols, rainfall in Pakistan, south Asian monsoon, total ozone mapping 
spectrometer aerosol index (TOMS-AI), Arabian Sea
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1. Introduction

Dust aerosols can play a significant role in modulating global and regional 
climates, primarily through absorbing and, to some extent, scattering of solar 
radiations (Miller and Tegen, 1998; Andreae el al., 2005). The absorption of 
radiations in the atmosphere implicates changes in vertical profiles of 
atmospheric temperatures with heating in lower to middle troposphere while 
cooling near surface (Hui et al., 2008). This reorganization of energy can 
modify the stability of the atmosphere, and thus, can potentially augment 
regional climate conditions (Perlwitz and Miller, 2010; Hui et al., 2008). 
Therefore, understanding the role of dust aerosol in regional and global climate 
can be intriguing and has been one of the major focus points for research in 
climate science studies (e.g., Tegen and Fung, 1996; Miller and Tegen, 1998; 
Miller et al., 2004; Andreae et al., 2005; Engelstaedter and Washington, 2007; 
Hui et al., 2008; Perlwitz and Miller, 2010).

Most of the dust aerosols instigate into the atmosphere through soil erosion 
driven by winds (Miller et al., 2004). These aerosols can travel thousands of 
kilometers from their source regions depending on particle size and the 
prevailing atmospheric conditions (Perlwitz and Miller, 2010; Engelstaedter and 
Washington, 2007). Satellite data, such as total ozone mapping spectrometer 
(TOMS) aerosol index (Al) (Torres et al., 1998; Prospero et al., 2002), provides 
opportunities for visualizing large scale absorbing aerosol (mainly dust and 
black carbon) transport from vast deserts of Africa and Asia towards remote 
locations {Fig. 1). A considerable amount of dust is transported towards Arabian 
Sea and southern Pakistan through southwesterly boreal summer monsoonal 
winds (wind vectors in Fig. 7). In Pakistan, dust is not only transported from 
remote locations, but also the local deserts (such as Thar, Thai, and Cholistan) 
contribute to the total concentrations. Thus, the potential influence of dust 
aerosols on regional climate of Pakistan can be expected given the large 
concentrations therein and surrounding areas as well. These considerate 
motivate the present study in which we used an atmospheric general circulation 
model (AM2) from the National Oceanic and Atmospheric Administration’s 
(NOAA) Geophysical Fluid Dynamics Laboratory (GFDL) (Anderson et al., 
2004), to investigate the contribution of dust aerosols in regional summer 
climate of Pakistan.

2. Model basics

The AM2 model has been used frequently in many previous studies (e.g., 
Anderson et al, 2004; Randles and Ramaswamy, 2008, 2010; Ming and 
Ramaswamy, 2009, 2011; Mahmood and Li, 2011, 2012; Bollasina et al., 2011), 
and thus, it needs not to be fully discussed here in order to avoid repetition. 
Therefore, only the most important components that are helpful in understating
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the results of current study would be discussed. For detailed and comprehensive 
information on physical parameterizations, readers may consult Anderson et al. 
(2004). The model is based on the finite-volume dynamical core of Lin (2004), 
with horizontal resolution of 2° latitude x 2.5° longitude and 24 levels in vertical 
with top at about 3 hPa. The model incorporates the scheme of Freidenreich and 
Ramaswamy (1999) for shortwave radiation algorithms with some modifications 
made by Anderson et al. (2004) to optimize computational efficiency. This 
scheme considers absorption by several greenhouse gases along with molecular 
scattering, and absorption and scattering by clouds and aerosols. The longwave 
radiation scheme is based on an improved version of simplified exchange 
approximation (Schwarzkopf and Ramaswamy, 1999) where aerosols and clouds 
are treated as absorbers, while the scheme considers absorption and emissions 
from several greenhouse gases.

— > 
10

Fig. 1. TOMS-AI climatology (1979-1992) for Jun-Jul-Aug (JJA): climatological winds 
at 1000 hPa level (1961-1990) for the month of July from NCEP data. Reference wind 
vector is shown below the figure. Bold black polygons represent geographical location of 
Pakistan.

The aerosol climatologies, used as inputs in AM2, are calculated offline 
using a separate chemical transport model known as Model of Ozone and 
Related Chemical Tracers (MOZART) Version 2 (Horowitz et al., 2003), which 
is driven by meteorological parameters. The dust aerosol climatology is
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simulated in MOZART with meteorological parameters obtained from 
NCEP/NCAR reanalysis (Kalnay et al., 1996), and dust sources specified from 
Ginoux et al. (2001).

Note that dust is assumed to be of natural origin and kept constant 
throughout the simulation period with climatological seasonal cycle in AM2 
model (Ginoux et al., 2006), therefore, our study is not concerned with “climate 
change” phenomenon as studied for post/pre industrial simulations in case of 
anthropogenic aerosol induced radiative forcing. Instead, this study is designed 
to evaluate the possible contribution of dust aerosols to the “routine” summer 
climate of Pakistan.

Two kinds of ensemble simulations (with each ensemble having five 
members) were performed by including/excluding dust in simulations. In the 
first experiment (i.e., control ensemble), the dust is included in all five 
simulations of the ensemble, while in the second experiment (i.e., sensitive 
experiment), the dust over a regional domain comprising eastern Africa and 
Asia (i.e. 0°-50°N, 25°E-130°E) is removed from simulations. The sea surface 
temperatures are prescribed according to the observed seasonal cycles. The 
multiple members of each ensemble were designed with similar 
characteristics except a slight change in their initial times. The model is 
integrated for 21 years starting from January 1980 to December 2000. The 
influence of dust on climate is isolated here by subtracting the sensitive 
experiment from control experiment (i.e. control-sensitive) for the last 20 years 
of model simulations.

3. Results and discussions

Fig. 2 shows column burden of dust for summer season. Comparing with Fig. 1, 
the spatial features of model simulated dust burden appears to be qualitatively in 
agreement with TOMS-AI. For example, the largest burdens over eastern and 
southern Arabian Peninsula and southern Pakistan correspond well with 
strongest Al values. Similarly, the dust from Taklamakan desert in western 
China is well captured by the model. However, the regions south of Himalayan 
Mountains show little correspondence with TOMS-AI. This is because in this 
study we only show the burdens for dust aerosols, while the TOMS-AI product 
includes contributions both from dust and black carbon. The later has high 
concentration near Himalayan Mountains (Sahu et al., 2008). Therefore, the dust 
simulation in model can be considered reasonable, though the model biases are 
expected in common with many previous modeling studies (Ginoux et al., 
2006). Important to note is the extension of dust from Middle East and Arabian 
Peninsula towards southern Pakistan both in summer and spring seasons (spring 
season is not shown here), which can influence the behavior of summer 
monsoons in Pakistan as discussed next in this section.
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Fig. 2. Modeled column burden of dust aerosols for JJA. Unit: g/m2

A substantial increase in clear sky shortwave radiative heating induced by 
dust over the longitudes of Pakistan can be seen visually in Fig. 3. The 
maximum heating region (about 0.5 K/day) lies between 900 and 800 hPa levels, 
while relatively less heating appear near the surface which is in agreement with 
previous conclusions that the dust aerosols absorb solar radiations in the lower 
troposphere, and hence, reduce the amounts reaching the surface (Miller and 
Tegen, 1998). Further, consistently with dust burdens, the heating is strongest 
over southern regions while less prominent near northern areas. Despite, even 
for the northern part, the magnitude is considerable with values reaching up to 
0.35 K/day. Since the dust absorbs radiations in the lower troposphere, the 
anomalous changes in near surface air temperature over most of the highest dust 
concentration regions is negative (Fig. 4). The statistically significant (at 90% 
confidence level) negative temperature anomalies prevail over the maximum 
dust loading regions, i.e., southern Arabian Peninsula and Pakistan, while 
positive responses appear over China, especially the Tibetan Plateau, where dust 
loading were assumed to be small in the model (Fig. 2). Similarly, in most parts 
of the central Asian region the temperature changes are negative but statistically 
insignificant. These temperature changes are in line with the proposed 
mechanisms in that dust absorbs solar radiations in the atmosphere leaving 
fewer radiations reaching the surface (Miller and Tegen, 1998). However, some 
exceptions also exist, e.g., Taklamakan desert (about ~40N in western China) 
where small positive but less significant anomalies are found, although dust 
concentration is considerable in this region (Figs. 1 and 2). This implies that 
the strong cooling, especially over Pakistan with maximum values reaching up

30N

20N

10N
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to -0.7 K, may have been exaggerated by circulation changes such as horizontal 
and vertical dry advection of cooler air akin to elevated heat pump theorem 
proposed by Lau et al. (2006), however model biases, of course, may persist and 
cannot be ruled out for such anomalous changes.

1000-1------------I------------ I — — T  ----- r------— ,----------- 1------------- ------------ ,----- ------
2 2 N  2 4 N  2 6 N  2 8 N  3 0 N  3 2 N  3 4 N  3 6 N  3 6 N  4 0 N

Fig. 3. Vertical cross section of clear-sky shortwave heating anomaly longitudinally 
averaged over Pakistan (60°E-75°E). White color is caused by the elevated topography. 
Unit: K/day

More important for the major considerate of the current study are changes 
in precipitation and circulation associated with dust aerosol (Figs. 5, 6 and 7) 
along with possible potential mechanisms as shown in Fig. 8. Fig. 5 represents 
the anomalous precipitation changes over Pakistan. Significant positive rainfalls 
can be seen over the northern part of the country, especially over northern 
Punjab and parts of Azad Kashmir and Khyber Pakhtunkhwa provinces (which 
is approximately the climatologically mean location of summer rainfalls in 
Pakistan). Similarly, changes in rainfall are also significant over lower Sindh 
and Balochistan provinces, especially in coastal areas with maximum values 
approaching 0.7 mm/day, while negligibly small negative response occur over 
the central regions. This shows that, on average, the dust aerosols can induce a 
surplus of 10% to the seasonal rainfalls in Pakistan, where the observed summer 
season rainfall rate is about 7 mm/day (Webster et al., 2011). Thus, the dust 
aerosols can have a significant contribution to the overall behavior of summer 
monsoon rainfalls in Pakistan.
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Fig. 4. Anomalous changes in near surface temperature (at 2m). Black dots represent the 
grid point values which are statistically significant at 90% confidence level. Unit: K.
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Fig. 5. Anomalous changes in precipitation (unit: mm/day). Thick black contour 
represents the values which are statistically significant at 90% confidence level. Thin 
dotted lines represent the Indus River and its major tributaries.
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50N

Fig. 6: Circulation anomalies at 850 hPa level; shading represents geopotential height 
(unit: gpm) and vectors represent wind (unit: m/s). Thick black contour represents height 
values which are statistical significant at 90% confidence level. White regions are caused 
by the elevated topography.
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Fig. 7: Anomalous changes in vertical pressure velocity averaged over Pakistan (60°E- 
75°E) (negative values represent ascent). Unit: 103 Pa/s..
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The corresponding changes in near surface (at 850 hPa level) geopotential 
height and winds are shown in Fig. 6. Strong dipole-like height anomalies 
prevail in northern Indian Ocean with significantly positive response over the 
Bay of Bengal and an extended low over Arabian Sea including southern 
Pakistan. Significant negative height anomalies also appear over central Asia 
and China. This distribution of height anomalies, especially stronger high 
pressure over Bay of Bengal, disperses moist winds from Bay of Bengal and 
also the Arabian Sea towards Pakistan as shown by the vectors in Fig. 6. The 
most favorable dynamics for enhanced rainfall in Pakistan in this case can be 
attributed to the strong anticyclonic circulations over Bay of Bengal which 
enhances the advection of anomalous winds with magnitudes up to 1 m/s 
towards northern Pakistan. Interestingly, for central Pakistan, where the rainfall 
response is negative, there exists a small positive height center which appears to 
deflect wind towards southern Pakistan implying further the consistency 
between precipitation and circulation anomalies.

The tri-polar precipitation anomalies over Pakistan (i.e., wetness over 
north/south regions and small dryness over central areas) can further be 
explored by analyzing the vertical velocity as shown in Fig. 7. Two ascending 
branches of anomalous vertical velocity can be seen near the coastal area (the 
stronger one), and the northern part implying strong convective activity taking 
place in these regions. These ascending motions are accompanied by a small 
descending branch in central Pakistan implying small dryness in this region 
(Fig. 5).

Wang et al. (2009) highlighted the importance of perturbation in moist 
static energy as a response to anthropogenic aerosol forcing, and argued that the 
changes in sub-cloud layer moist static energy can represent not only the 
northward migration of south Asian monsoons but also the strength of 
convection during the monsoon season. To see whether similar interpretations 
can be made for the current simulations, we calculated vertically integrated 
(1000-100 hPa) moist static energy (VMSE for short) as shown in Fig. 8a. 
Consistent with Wang et al. (2009), the VMSE is enhanced over Pakistan with a 
clear extension towards northern areas. The strongest anomaly in VMSE is, of 
course, near the southern moisture source region that is the northern Arabian 
Sea.

Finally, we calculated vertically integrated moisture flux (Zhu and Newell, 
1998) to assess further the dust induced wet conditions in Pakistan (Fig. 8b). As 
shown by the figure, the moisture supply is enhanced towards Pakistan from 
three source regions, namely Bay of Bengal, eastern Arabian Sea, and the 
Persian Gulf. The strongest moisture flux is from Bay of Bengal and eastern 
Arabian Sea that travels along the foothills of Himalayas and finally converges 
over Pakistan.
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Fig. 8. Vertically integrated (1000-100 hPa) anomalous changes in (a) moist static energy 
(unit: 103 kJ/kg) and (b) moisture transport (unit: kg/ms). Reference vector for moisture 
transport is shown in upper right comer of (b).

4. Summary and remarks

In this study we investigate, using an atmospheric general circulation model 
AM2, the potential influence of Afro-Asian dust on regional summer climate of 
Pakistan. Two sets of ensemble simulations with and without dust aerosols were 
carried out to isolate the possible influence. Significant enhancement of rainfall 
over Pakistan was seen with maximum amount of anomalous rainfall reaching 
up to 0.7 mm/day. These modeled changes in precipitation are about 10% of the 
total observed summer rainfall in northern Pakistan (Webster et al., 2011). The
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anomalous circulation pattern show that a strong high over Bay of Bengal and a 
low pressure over the Arabian Peninsula/northern Arabian Sea including central 
Asia force the moister lower level winds towards northern Pakistan, some of 
which is deflected back to the southern coastal region and Arabian Sea.

The strong advection of moisture from the Arabian Sea and Bay of Bengal 
is further confirmed by the anomalous vertically integrated moisture transport 
towards Pakistan. Furthermore, the dust induced anomalous response was also 
observed by changes in VMSE which appeared to extend from northern Arabian 
Sea towards northern Pakistan. Wang et aL (2009) also found similar changes in 
(lower tropospheric) moist static energy over land regions of northwest 
subcontinent for anthropogenic aerosols using a different general circulation 
model. Thus, the collective affect of natural (e.g., dust) and anthropogenic 
aerosols may further exacerbate the above discussed rainfalls patterns. However, 
to explore the combined effects of natural plus anthropogenic aerosols on 
summer climate in Pakistan is beyond the scope of this study.

Further caveats of the study are the prescribed SSTs and missing indirect 
aerosol affects. Similarly, ground based observations of dust emission, transport, 
and overall concentrations in Pakistan are unfortunately not available. Thus, 
though the results from model simulations can be valuable, especially for 
studying aerosol influence on climate for which models are the primary 
diagnostic tools, they still need to be confirmed by ground based observations to 
make concrete conclusions. That the model results indicate significant change in 
circulations and precipitation over Pakistan in response to dust aerosols, which 
implies that we need to establish a network of ground based dust observations to 
fully grasp the interaction between strong dust concentrations and the relevant 
climate response in Pakistan. Therefore, further research is warranted, especially 
using ground based observations and multi-model simulations, to make 
conclusions more solid.
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