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Abstract—A new principle of a continuous flow particle counter is presented. It uses
the natural presence of water vapor in ambient air to cause particle growth by
condensation. The ‘water vapor condensation is started by a continuous subsonic
expansion in a nozzle with its outlet set into vacuum by pumping. The reached
saturation depends on relative air humidity, nozzle throat cross section, and parameters
of the system (mass flow rate, downstream pressure, and upstream temperature). The
COPACHA (Continuous Particle Counter by Condensation of Ambient Humidity)
enables to detect particles with size equal to or larger than 10 nm for relative humidity
>20%. Downstream pressure shall be between 600 and 700 hPa, and the minimum
nozzle throat length must be 20 cm.

Key-words: CNC, heterogeneous condensation, growth rate, nozzle, air-water vapor
expansion, saturation.

1. Introduction

Measurement of the atmospheric particulate pollution needs to take into
consideration the ultrafine aerosol (d, <0.1 pm) more and more. For this aim,
the Condensation Nucleus Counter (CNC) is the most suitable device as much

* Corresponding author
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for the detection of this aerosol as for its size distribution measurement, in
connection with an electrical aerosol analyzer or a diffusion battery (Gotz et
al., 1991; Renoux and Boulaud, 1998). All CNCs are based on the principle of
particle growth by condensation in order to make them detectable. Boulaud
(Renoux and Boulaud, 1998) classified them into three categories according to
the methods applied to induce the supersaturation: adiabatic expansion, mixing
of cold and warm fluids, cooling by circulation in a cold-walled pipe. These
different techniques have led to the development of many types of continuous
or discontinuous flow CNCs (McMurry, 2000). Another classical technique to
perform supersaturation is the process of expansion in a nozzle (Stodola,
1927). For example, this technique has been applied to produce monodispersed
aerosols (Turner et al., 1988) or superfine powders (Tom and Debenedetti,
1991). Several researchers have studied particle growth by heterogeneous
condensation in a nozzle (Johnston and Wexler, 1995; Mallina and Wexler,
1997; Yang et al., 2000a, Jurski and Géhin, 2003). Apparently, Yang et al.
(2000b) have been the only ones until now, who used this method to design
and perform a continuous operating type CNC. They mixed the initial aerosol
with air saturated by clean water. The mixing was followed by expansion in a
nozzle. In this way one can detect particles with a diameter exceeding 40 nm.
According to the authors, this technique reduces losses due to diffusion, and
there is little condensation on nozzle walls contrary to the systems involving
wall cooling. Furthermore, let us add, that, as the velocity profile in a nozzle
is practically flat, parameters such as temperature, total pressure, and vapor
pressure show little variation within a given section, thus avoiding the
necessity to consider the exact trajectory of the particle (in a classical CNC,
particles are injected into the center to avoid variations due to the temperature
profile in a given section of the condenser pipe). Consequently, this approach
seems to be promising because of its simplicity, and we shall demonstrate that
it can be further simplified by using ambient humidity naturally present in the
air. Our system (COPACHA, Continuous Particle Counter by Condensation of
Ambient Humidity, see Fig. /) makes use of the natural presence of water
vapor in ambient air to cause particle growth. Water vapor condensation on
aerosol results from a continuous subsonic expansion in a nozzle with outlet set
into vacuum by pumping. The saturation reached depends on relative humidity
of air and operating parameters of the system (flow rate, downstream pressure,
initial fluid temperature). It is possible to get saturation ratio around 3 by
adjusting these parameters so that particles with diameter over 4 nanometers
can theoretically be activated. The aerosol growth can be emphasized after
activation by throat lengthening, that enables to increase the transit time and
consequently the final diameter. The particles are detected at throat outlet by a
classical system using light scattering.
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Fig. 1. COPACHA skeleton diagram.

2. Particle growth by condensation in a nozzle

Let us assume, that particles are spherical, uniformly distributed in the gas
phase, and they are present in low concentration (<10° particles cm™). Gas
phase consists of a mixture of air and water vapor. As an indication, absolute
humidity is under 0.015 kg of water kg™' of dry air for moist air at standard
atmospheric pressure and a temperature of 20°C. Because of the low water
vapor content and particle concentration, we can consider the effect of drop or
wall condensation upon the global parameters (total pressure, temperature, gas
density) as insignificant. This approximation is justified (Barrett and Clement,
1986), when the particle concentration is low or the condensable mass is
insignificant compared to total fluid mass. Then, the mix of both phases is
processed as a pseudo-fluid, and the flow can be described by the same
equations as those of a one phase flow.

The study of the compressible fluid flow in a nozzle is based on a few
classical assumptions. Thus, we assume that the flow is one dimensional,
permanent, adiabatic (low flow transit time in the nozzle justifies this
considering that there are no exchanges with outside during expansion), the
interactions with walls can be neglected (contact friction, thermal transfers),
and the fluid is a perfect one. Under these circumstances, solving the equations
of mass, motion, and energy conservation, as well as the fluid state equation,
we obtain the classical expression of the variations of the different flow
characteristics related to the Mach number (M,,,):

- : Y[ D
|:1+_(7 l)Machz}:'E:(&j(yjz[&] ) Mach:Z9 a= 7rT’ (1)
2 T \p Yo, a

where T;, p, p; are the temperature, pressure, density of the generating state,
that is the characteristics of the fluid sampled at the entrance of the nozzle.
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Further, 7, p, p, M,,, v are the temperature, pressure, density, Mach number,
velocity of the fluid in a given nozzle section. a is the sound velocity. Finally,
y and r are the ratio of gas specific heats and the ideal gas constant.
Furthermore, considering the above mentioned conditions:

p:pax_'-pvzpa:’ pzpas+pv+pazpas’ (2)

where the subscripts as, v, a denote dry air, vapor, and aerosol.
To Eq. (1), we must add the conservation of total mass flux rate, g, in
every nozzle section:

gq=pAv, 3)

where A is the section area at a given nozzle section.
As the saturated vapor pressure, p,, is always low compared to total
pressure, the saturation, S, is given by:

SzH=&, “)
pvs

where H is the relative humidity of moist air. Water vapor pressure, p,, in a
given section of the nozzle is calculated for monodispersed aerosol with initial
diameter, D,, and by assuming of no extra condensation on the walls:

npNrgT
6 M,

v

p, = [ﬁpw} —(D3x— D7) )

B
In this equation p,; is the initial vapor pressure, D and N are the diameter and
concentration of the droplet in the nozzle, while p, r,,, and M, are the water
density, universal gas constant, and water vapor molecular mass, respectively.
With the assumption of no coalescence phenomena or over losses in the
nozzle, wich is a good approximation according to the short residence time of
flowing particles in the system, N is calculated with the following equation:

N=NZ. ®)
Pi

2.1 Particle activation and critical saturation

Since there is no initial thermal unbalance between different phases, the Kelvin
equation gives the minimum diameter of the nuclei activated at a given
saturation and temperature:
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4o, M,
nin = —————. )

o, 7T In(S)

In the case of soluble particle consisting of, for example, salt, the condensation
process is initiated at saturation ratio lower than that described in Eq. (7),
leading to a decrease of D,,,. For non-wettable particles, the vapor tends to
deposit in very small droplets; when the particle surface is completely covered,
a uniform liquid film appears, the nucleus is then entirely coated (Fletcher,
1962). This phenomenon tend to increase the activation saturation and
consequently D,,,. In the first step this phenomenon is neglected and Eq. (7)
will be used.

According to Ahn (1988), the critical saturation ratio, corresponding to
the threshold at which the homogeneous condensation appears, can be
determined by calculating the value of S for which 7 = 1 m™ s (I is the
nucleation rate). We obtain:

1/2

167 o v2

&
cr = exp _(_J "21 1/2 (8)
3 K -
ln[2vm [ﬁv—j ( g j j

KT) \27m,

In this equation o, v,,, and m, are the surface tension, vapor molecule volume,
and mass, respectively. This saturation factor shall not be exceeded, otherwise
condensation nuclei could appear, resulting in an overestimation of the particle
number.

2.2 Particle growth

Heat and mass transfer phenomena between particle and surrounding medium
depend on Knudsen number:

anﬁ,
D

where A is the mean free path of carrying gas molecules. Calculations of
Knudsen number for particles with a diameter of 10 nm gives values from 1 to
10 in our conditions. According to the classification given by Devienne (1958),
the corresponding flow regime is consequently the transient one (Knudsen
regime).
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Diameter variation of a sphere is linked to J, the water vapor mass flow
reaching the droplet:
dab_ J
at « '
Z D2
2 P

®

Fuchs and Sutugin (1970) give the expression of water vapor mass flow
reaching the drop for the transient regime. With the correction for relative
motion between gas and droplet (Hughmark, 1967), J is given by:

(10)

oMy PuaM,
J=C(Knv)ShDvg7rD(pv e ]

T 7

Teptw Yep

where pyw, Tww Pyvsy I; are the vapor pressure and fluid temperature,
respectively, far from the droplet and at the droplet surface.

4o, M
Pya = Pvs (Td)exp[él ’ (11)
i 1;D

where D, is the vapor diffusion coefficient in the gas (Appendix), while Sk is
the Sherwood number (Appendix). In Eq. (10) C(kn,) is the Fuchs’s correction
coefficient defined by (Fuchs, 1959):

1+Kn, 22,

C(Kn,)= and Kn,= D“ . (12)

1+1.7104 Kn = Kn3

where A, is the mean free path of water vapor molecules in air. It is defined by
the Meyer’s formula:
3D,

A, = c 13
Iy (13)

In Eq. (13) Vis the average thermal velocity at temperature 7"

1/2
e [8KT] ’ ad

Tm,

where K is the Boltzmann constant, while m, is the mass of a water molecule.
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2.3 Particle temperature

If we assume an isothermal droplet and take into account the correction for
relative motion, the droplet temperature evolution for Knudsen regime is given by:

dr,

6
— = = > 15
P& pi o 71'D3(Q’ Q) (15)

where C,, is the specific heat at constant pressure for water, Q. is the heat
release by conduction in the gas, and Q, is the condensation heat:

Q.=n2Dk(T;, -T,)C(kn)Nu, (16)

0 =1, (17)

where Nu is the Nusselt number (Appendix), k is the thermal conductivity of
gas, while C(kn) is the Fuchs’s correction coefficient for the carrying gas

defined by:

Clkn) = 1+Kn

7 S (18)
l+l.7104Kn+§Kn2

2.4 Particle motion

Drag and pressure forces can be considered as the only external forces acting
on flowing particles, then the particle motion can be described by the following
equation:

v, -v i

dt 48C, dx 6

(ﬂ'D3 p,)gﬁz_wr,uCDRedD : (19)

6

where Re, is the droplet Reynolds number defined by:

_la—vDp

Re, = (20)
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Further, the values of the drag factor, Cp, are the following (Kurten et al.,
1966):

L4
T Re, for Re, <0.1 -
D= !
0.28 + 6 " 21 for O.1<Rep<4000
R82'5 Red

Finally, in Eq. (19) C. is the Cunningham factor. It can be expressed as a

function of the particle diameter and mean free path of gas molecules, A4
(Seinfeld, 1986):

24 — LI

€ :1+—[1.257+0.4exp(—):|. (22)
D 24

2.5 Solving method

Fluid pressure, temperature, density, and velocity in the nozzle are first
calculated with Egs. (1), (2), (3). Then the particle concentration is estimated
at each position in the nozzle with Eq. (6). Then, Egs. (5), (9), (15), and (19)
are solved at all points of the nozzle by the Runge-Kutta method.

3. Discussion

The aims of our study are to show that:

e  saturation values, that can be reached by using this device in ambient air
with relative humidity >20%, enable us to activate particles with a
diameter over 10 nm,

e  saturation values reached remain under the critical saturation value,

e  growth of activated particles is sufficient to have them detected.

In the calculations presented, we consider that the nozzle has a circular cross
section and its diameter linearly varies from inlet diameter &, to throat diameter
d,, (Fig. 2). Pressure and temperature in generating state are p, = 10° Pa and
T, =288 K, respectively. We consider different throat lengths in order to
obtain sufficient retention times for particles growth.

3.1 Particle activation in COPACHA

Fig. 3 shows how the saturation varies in relation to cross section ratios in the
nozzle for different initial and downstream pressure ratios. The saturation ratio
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remains almost constant for normalized sections over 1.4, but its variation
becomes significant for normalized sections under 1.2. This indicates that
condensation in the nozzle appears exclusively for sections very near to the
nozzle throat. This phenomenon is confirmed by Fig. 4, that gives the
variation of the minimal activation diameter in relation with the normalized
section for different pressure drops. The activation of particles under 10 nm
exclusively occurs for normalized sections under 1.15.

x=0 Sense of flow X
¢
L
o 7 |
iaTini . th
4 ¢ e °

Fig. 2. Geometry used for theoretical study. p, T, S; are the initial pressure,
temperature, and saturation ratio, while d; and d,, are the entrance and throat nozzle
diameters, [, and /,, are the convergent zone and throat length, respectively.

5
aes, - - 125
@ 4 — 143
o —167
® 3
|
c
.0
-o(-u- 2
| .
=]
4
S 1
0
2.0 1.8 1.6 1.4 1.2 1.0

Fig. 3. Saturation in the nozzle (without condensation) in relation to section ratios
(A/A,,) for different pressure drops (pi/Pounsiream)s Where Ai/A,, = 796, S, = 0.4.
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Fig. 4. Minimal activation diameter in relation to normalized section (4/4,,) for
different pressure drops (; /Downstream)» Where A/A,, = 796, S; = 0.4.

According to nozzle geometry, drop growth in the convergent zone can be
either significant (long convergent zone) or practically negligible (short
convergent zone). It is to be noted, that the maximal saturation is reached in
the nozzle throat, implying that the particles, that are not activated at the throat
inlet, do not grow by condensation and they remain indetectable by optical
system. Fig. 4 shows that minimal activation diameter decreased according to
the normalized section in the nozzle. Thus, to know the minimal diameter of
the particles that will be activated in the nozzle, we must study the minimal
diameter of activation in the nozzle throat.

Table 1 shows saturation variations reached in the nozzle throat in relation
to relative humidity at the nozzle inlet and to downstream pressure. For
downstream pressure of 600 hPa, the saturation in the nozzle throat always
exceeds 2.4, corresponding to a minimal diameter of activated particles around
3 nm (Table 2). For relative humidity of 50%, the limit for critical saturation
rate is exceeded, so in that case it is a risk to activate molecule aggregates and
consequently to count more particle than there actually are. When the
downstream pressure equals to 800 hPa, the saturation is still too low to
activate particles with diameter under 10 nm (7ables I and 2) except at relative
humidity of 50%. For downstream pressure of 700 hPa, the critical saturation
ratio is never reached and particles with diameters of 10 nm are always
activated for relative humidity values between 30 and 50%.
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Table 1. Saturation in relation to downstream pressure (p) and relative humidity (H),
and the critical saturation (S,) in the nozzle throat (4;/4,, = 44.4)

H/Psowusiream (%) 600 hPa 700 hPa 800 hPa
20 24 it 0.5
30 3.6 1.6 0.8
40 4.8 2.1 1.1
50 5.9 2.6 1.4
S. 5.0 4.5 42

Table 2. Minimal activation diameter in relation to downstream pressure (p) and

relative humidity (H)

H/Pgonstream (%) | 600 hPa (nm) 700 hPa (nm) 800 hPa (nm)
20 3.0 40.5 -
30 2.0 53 :
40 1.6 3.3 24.4
50 - 2.5 7.5

Those effects are summed up in Fig. 5. The operating area of the system
is included between the upper curve corresponding to (H;, Pyownsiream)s Producing
a critical saturation in the nozzle throat, and the lower curve represents the
activation of particles with diameter of 10 nm in the nozzle throat.

1
0.9 = = Critical saturation reach

. in the nozzle throat
> 0.8 New activeted nuclei e’ =Limit curve for activation
£ 07 I.? of particle with diameter
E 4 . of 10 nm
5 0.6 -t i
£ S =5.9:Dm=1.4nm ax Operatmg area S$=1.4:Dm=7.5nm
g 0:5 A ® 4 S=2.6:Dm=2.5nm A
= 2 =1.1,Dm=24.
E 04 {'s=4.8.0m=1.7nm 4 $=2.1:Dm=3.3nm A L 0m=2Adam
[} $=1.6:Dm=5.3nm
=103 4 8=3.6Dm=2nm A 45=08
©
I"g 0.2 4S=24Dm=3nm 4 $=1.1;Dm=40nm 45205
T 01 No activation for D = 10nm

0

550 600 650 700 750 800 850

Downstream pressure (hPa)

Fig. 5. Operating area of the system in relation to the downstream pressure and
relative humidity at the nozzle inlet and downstream pressure (4; /A, = 44.4).
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3.2 Particle growth in COPACHA

After the condensation process had been started, particles must grow in the
nozzle until they reach an optically detectable diameter. Let us recall, that the
minimal classically detectable diameter by optical particle counters is about
0.15 pum. In our system, since the particle growth occurs mainly in the nozzle
throat, the retention time in the throat is an essential parameter. For initial
droplet diameters between 10 nm and 100 nm, the relative velocity between the
gas and the droplet increases in the first part of the nozzle and falls to zero in
the throat. Tables 3 and 4 indicate the final diameter of drops at nozzle outlet
for different retention times and relative humidity values for aerosols with
initial diameter of 10 nm.

Table 3. Final diameter of drops for different retention time (¢, in ms) and relative
humidity (H) values (P pnsream = 700 hPa, D; = 10 nm, A,/A,, = 44.4)

H/t, 0.34 0.55 0.8 1
% pm

30 0.06 0.10 0.14 0.17
40 0.11 0.18 0.25 0.30
50 0.16 0.25 0.34 0.41

Table 4. Final diameter of drops for different retention time (z, in ms) and relative
humidity (H) values (D pnsiream = 600 hPa, D; = 10 nm, 4;/4,, = 44.4)

Hit, 0.28 0.46 0.64 0.82
% pm

20 0.06 0.09 0.12 0.15
30 0.10 0.16 0.21 0.26
40 0.15 0.22 0.29 0.36

Table 3 shows that for downstream pressure of 700 hPa and retention time
exceeding 0.8 minutes, particles with an initial diameter of 10 nm grow
sufficiently to be detected when the relative humidity remains within 30% and
50%. On the over hand, one can see from Table 4 that for downstream
pressure of 600 hPa and retention time of 0.82 minutes, the same particles
grow sufficiently large to be detected when relative humidity is within 20%
and 40%. Table 5 gives the final size of drops in relation to the initial nucleus
diameter. This table also shows that the influence of the initial diameter on the
exit diameter is low. It is to be noted, that the effect of initial particle
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concentration on saturation in the nozzle can be neglected for concentrations
below 10° cm™. For higher particle concentration, the vapor content in the gas
falls very quickly in the throat of the nozzle, which slows down the
condensation on the droplet.

Table 5. Final diameter (D;, in um) of particles for different initial diameters (D))
(pdowrulream = 700 hPa, H= 40%, I, = 1 mS)

10 nm 20 nm 40 nm 60 nm 80 nm 100 nm

D; 0.30 0.31 0.32 0.34 0.36 0.37

4. Conclusion

We have designed a new type of CNC that uses ambient humidity as working
fluid. Our study indicates that COPACHA (Continuous Particle Counter by
Condensation of Ambient Humidity) is able to detect particles with sizes larger
than or equal to 10 nm for relative humidity values above 20%. It is also
demonstrated that the operation downstream pressure must be between 600 and
750 hPa, and the minimal retention time at the nozzle throat must be about 0.8
minutes.
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APPENDIX

The mean free path can be determined by the following equation (Willeke,

1986):
¥
ﬂ:%(/uas](&) 5’
Haso p T

where A, = 0.0653 ym, p,.= 10° Pa, 1., = 1.81x10° Pas, T, = 293 K.

The dynamic viscosity of air is calculated by the Sutherland’s rule:

(]
1+—
) #‘F( A
s T 0l ’
ge
/i

where.¢= 123.6 K, ji = 171.1x10%(Pas), I, = 2713 K.

Diffusion coefficient of water vapor in air (D,,) is given by Fuller et al.
(1966) as follows:

10-3 7175 1 1 172
Dy = S|l —+—1
pUP+UPY M, My

where D,p is given in cm? s7!, T in K, p in atm, while U values represent the
atomic diffusion volumes given by Fuller et al. (1966). U= 20.1 cm® g mol ™,
Uypgrer= 9.44 cm® g™ mol ™.

Sherwood and Nusselt numbers (Hughmark, 1967) can be tabulated as
given below:

Re, Scor Pr Sh or Nu
1 < Re, < 450 Sc or Pr <250 Shor Nu = 2+0.6 Re’ (Sc or Pr)'?
1< Rey < 17 Sc or Pr >250 Sh or Nu = 2+0.5 Re§*® (Sc or Pr)"#
17 < Rey < 450 Sc or Pr >250 Sh or Nu = 2+0.4 Re}*® (Sc or Pr)**
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List of symbols

A Nozzle surface at cross section x [m?*]
a Sound velocity in fluid [m s]

G Specific heat at constant pressure

d Nozzle diameter at cross section x [m]
D Diameter of particles or drops [m]

D, Vapor diffusion coefficient in gas [m* s
H Relative humidity

I Nucleation rate [m? s™']

J Mass flow of vapor onto a drop [kg s']
k Thermal conductivity of fluid [W m™ K]
K Boltzmann’s constant

Kn Knudsen number

L Latent heat [J kg]

Ly Throat length [m]

- Convergent length [m]

M,., Mach number

M Molecular weight [kg mol]

m, Mass of a vapor molecule [kg mol']
N Particle concentration [m?]

Nu Nusselt number for a sphere

p Pressure [Pa]

Pr Prandtl number

q Total mass flux rate in the nozzle [kg s]
(0, Condensation heat release [J s™']

0. Conduction heat release [J s™']

r Ideal gas constant [J kg K]

Re Reynolds number

Re, Droplet Reynolds number

o Ideal gas constant [J K" mol']

S Saturation ratio

Sc Schmidt number

Sh Sherwood number

T Temperature [K]

L Retention time [s]

v Fluid speed [m s']

v Average thermal velocity [m s™]

Vi Molecule volume [m?]

b Abscissa in nozzle [m]

p Density [kg m?]

Y Ratio of gas specific heats

G Surface tension [N m™]

A Mean free path [m]

Y7, Dynamic viscosity [Pa s]

Indices

as Reference fact to dry air

a Reference fact to aerosol

d Reference fact to droplet

i Reference fact to generator state
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1 Reference fact to liquid phase

t Reference fact to Knudsen regime

th Reference fact to nozzle throat

12 Reference fact to vapor

Vs Reference fact to saturating vapor state

© Reference fact to state far from the droplet.
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Abstract—The simulation of the so called summer case with continental polluted field
initialization has revealed that convective thunderstorm generates strong vertical
transport of gases and particulate compounds from the planetary boundary layer (PBL)
to the upper troposphere (UT), perturbation of physical and chemical properties of
aerosol, modification of pollutant concentration, and change of the spatial distribution
of chemical species. The early formation of precipitation and enhanced scavenging have
contributed to formation of approximately 2.5 times greater equivalent air concentration
of sulfate in precipitation near the surface, than that found in the air at this level. The
key microphysical processes that transfer the dissolved matter to the resultant frozen
hydrometeors are: the accretion of cloud water by snow, accretion of cloud ice by
snow, depositional growth of snow, wet and dry growth of graupel, accretion of cloud
water by graupel, and auto-conversion (aggregation) of snow.

The so called spring case numerical experiment with chemical background taken
from Macedonia provided an insight into the potential influence on the long-range
transport of atmospheric pollutants and ascertained quantitative-qualitative assessments
about processes by which acidic species are incorporated into precipitation. The
parameters computed by the model are in fairly good agreement with observations. The
average equivalent cloud water pH and rainwater pH were about 5.0 and 4.5,
respectively, when the most acidic precipitation occurred.

The results of the sensitivity tests of cloud chemistry to the physical processes in
continental non-polluted and polluted environments  indicate, that in-cloud nucleation
and scavenging of aerosols account for 27% and 20% of the total sulfur mass removed
by wet deposition in non-polluted and polluted cases, respectively. Sub-cloud
scavenging contributes for about 35% and 29 % of the total sulfur mass removed by wet
deposition. Liquid-phase in-cloud oxidation contributes for about 35% and 32%, while
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sub-cloud oxidation accounts for about 40% and 35% of the total sulfur mass deposited
for non-polluted and polluted cases, respectively. Neglecting the ice phase when
considering chemistry in continental non-polluted and polluted clouds may lead to
overestimation by about 140% and 150% of the total sulfur mass removed by wet
deposition. The assumption of Henry’s law equilibrium for these types of clouds results
in overestimation of about 148% and 133 %, respectively.

Key-words.: cloud modeling, chemical processes, microphysics, sulfate transport.

1. Introduction

Numerical experiments and model sensitivity tests have been performed
utilizing a relatively sophisticated dynamical cloud model with simple sulfur
chemistry (Spiridonov and Curic, 2003, hereafter referred as Part I). In Part
II, we continue with examination of the dependence of the chemical fields
upon the physical processes, which take place in the in-cloud and near-cloud
environment. In this way, one can study the effects of deep convection on the
redistribution of atmospheric pollutants and clarify some primary relationships
among dynamical, microphysical, and chemical processes in three-dimensional
space and complex cloud environment.

Here we present the results of the numerical experiments. Three-
dimensional cloud chemistry simulations have been performed in order to
understand the transport and transformations processes, and to investigate the
modification of the sulfate concentration in the in-cloud and near-cloud
environments. Two basic parameter sets have been used to initialize the cloud
chemistry model.

2. Three-dimensional numerical experiments

In this section, mainly the microphysical and chemical parts of the results of
numerical experiments, i.e., results of the solution of the equations formulated
in Sections 2 and 3 of Part I are discussed. As it was mentioned, in order to
understand the transport and redistribution processes of chemical species inside
convective clouds and in the near-cloud environment, and to explore the
changes of pollutant concentrations, three-dimensional simulations of the
chemistry of such clouds have been performed. Of course, 3D runs are also
important dynamically for studying the relationship between wind shear and
veering, rotation and orientation of updrafts and downdrafts, cloud movement
relative to the mean direction, and flow of environmental wind around the
cloud.
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2.1 Boundary conditions and numerical technique

Boundary conditions are specified along all sides of the integration domain,
since the computations take place within a finite model domain. Along the
bottom of the model domain the normal velocity w is set to zero. The open top
boundary condition is applied in the model in order to eliminate strong internal
gravity waves (Klemp and Durran, 1983). Also the normal second derivatives
for the eddy mixing terms are set to be zero along the boundaries. This
provides vertical gradients in the mean state so the profiles are not distorted
due to eddy mixing near the boundaries. The lateral boundaries are open and
time-dependent, so that disturbances can pass through with minimal reflection.
Two different cases with regard to the wind velocity are considered, after
Durran (1981). When the velocity component normal to the boundary is
directed inside the domain (inflow boundary), normal derivatives are set to
zero. At outflow boundaries, the normal velocity component is advected out
through the boundary with an estimated propagation speed which is averaged
in the vertical, and weighted at each level by the approximate local amplitude
of the wave. Boundary conditions for the pressure are calculated from other
boundary values to maintain consistency.

Model equations are solved on a standard spatially staggered grid. All
velocity components, u; are defined at one-half grid interval 0.5 Ax;, while
scalar variables are defined at the midpoint of each grid. The horizontal and
vertical advection terms are calculated by centered fourth- and second-order
differences, respectively.

Since the model equations are compressible, a time splitting procedure is
applied to achieve numerical efficiency. With this procedure the sound wave
terms are solved separately using a smaller time step, while all other processes
are treated with a larger time step, A¢, which is appropriate to the time scales
of physical interest. The small and large time steps are applied as follows. The
scalar prognostic equations, except the pressure equation, are solved from
t—At to t+At by a single leap-frog step. The terms which are not
responsible for sound wave generation in the equations of motion and the
pressure equation, are evaluated at the central time level 7. Finally, the
wind and pressure prognostic variables are stepped forward from
t—At to t+At, with forward time differencing by the small time step. In
grid points adjacent to lateral boundaries, the normal horizontal advection
terms are approximated using second-order differences instead of the fourth-
order ones used elsewhere. At lateral boundaries, the normal derivatives for all
prognostic variables are calculated with first-order accuracy, through one-sided
differences lagged at time # — At to provide stability.
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2.2 Initial conditions and initialization procedure

Fig. 1 shows the representative radio-sounding for simulation of a moderate air
mass thunderstorm which occurred on July 6, 1995. This is referred hereafter
as summer case. The main characteristic of the sounding is a stable dry layer
limiting cloud growth. The atmosphere was moist to the height of 350 hPa,
with two thin layers of great thermal stability. The wind profile is
characterized by weak wind velocity near the surface, veering at the sub-cloud
layer, enhanced wind shear at the mid-level, and strong zonal wind at the
upper levels. The initial mixing ratios of rain and solid water are set to zero at
all levels. The initial values of the number concentration of cloud droplets,
N,=1000 cm™, and dispersion, D, =0.40, used in this study for the compu-
tation of auto-conversion are consistent with the nature of continental clouds.

Table 1 lists the chemical field initialization used to simulate two
environments: (i) continental non-polluted background and (ii) continental
polluted one.

The initial fields of temperature, humidity, horizontal wind velocity, and
chemical data giving the input for the April 3, 2000 case (spring case) are
depicted in Fig. 2. The concentrations of SO,, H,0,, O;, and NHj and

SOJ~ aerosols are assumed to fall exponentially with height, e.g.,
q,-(Z)=q,-(0)e-5/”, (1)

where ¢;(0) is the mixing ratio of component i at the lowest model level; H is
the model scale height.
Initial impulse for convection is an ellipsoidal warm bubble of the form

AT:ATOcos2gﬂ for p<l, @)

2 2 21
oo (2] 52 (52
X Yx Z.
Here, the subscript ¢ refers to the location of the center of the perturbation,
while x,, y., z, are radial dimensions of the bubble. Values used for these
simulations are x,=12 km, y,=6 km, z.=0.5 km, x, =y,=2.8 km, z,=0.5km,
and the temperature perturbation is maximum in the bubble center, distin-
guishing 7, =4°C for the summer case simulation and 7, =3.6°C for the
spring case, and exponentially decreasing to zero on the bubble boundary.

where
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The initial perturbation of water vapor mixing ratio, caused by this initial
temperature perturbation, is calculated with assumption that relative humidity
has the same value as it had before the perturbation.
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Fig. 1. The 00:00 UTC atmospheric sounding for Skopje, on July 6, 1995. Coordinate

lines denote pressure (hPa) and temperature (°C). The solid line represents the

temperature profile and the dashed line represents the moisture profile. Symbols on the
right side of the same figure denote wind profile (direction and velocity).

Table 1. Initial fields of chemical species involved in sulfate production, for continental
non-polluted and continental polluted background, based on Taylor (1989b)

qi (0) [ng kg-1(air)]

Chemical species Continental Continental H (km)
expressed through mixing ratios  non-polluted clouds polluted clouds

q 4.42 21.0 2.0
502

Gerp- 3.1 16.0 3.5
S0

I\n ¥ 0.58 3.0 35

q 0.59 0.59 -
1,0,

82.8 822 -
‘Io3
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The model domain for the summer case simulation is 45 km x 45 km x 15 km.
The model for. the spring case is configured to a 24 km x 24 km x 12 km
domain. The horizontal resolution of the model is 1 km, while the vertical one
is 0.25 km for the summer case and 0.5 for the spring case run. The temporal
resolution of the model is 5 and 10 s for integration of the dynamics, micro-
physics, and chemistry, and a smaller one is 0.2 and 2 s for solving the sound
waves. The same temporal resolution is taken for solving aqueous phase
chemistry and transport of chemical species.

3. Results

A number of case studies have been performed in the past to verify and
document the value of the present cloud model in contributing to the
understanding of convective storm dynamics and microphysics (e.g., Telenta
and Aleksic, 1988; Curic et al., 1999; Spiridonov and Telenta, 2000).

3.1 The summer case simulation of July 6, 1995

Numerical simulation results shown in Fig. 3 indicate development of the
model cloud starting at time 12.5 min. after initialization. Strong updrafts
rapidly move the cloud towards the super-cooled zone, forming traces of ice
crystals. After 23 min. the simulated cloud could be described as Cu med. with
cloud water mixing ratio 7.5 g kg™ and two minutes later raindrops occur with
mixing ratio of 0.3 g kg'. Hail occurs in the 28th min and snow in the 29th,
when the cloud could be identified as Cu cong. with depth about 9.6 km. Soon
after that massive formation of graupel gives the intensive vertical
development of the cloud an important energy source. In 40 minutes simulation
time, hail reaches its maximum mixing ratio 16.0 g kg'. In 45 minutes the
cloud top penetrates the tropopause, soon after that our 3D run indicates rapid
transformation of graupel to rain, while the melting graupel also enhances
precipitation, and the mixing ratio of rain increases to its maximum value of
12.7 g kg''. The mature stage of the simulated storm comes after 70 min. of
integration when extensive precipitation occurs. The fallout of hydrometeors
weakens the updraft intensity and cuts off the supply of moisture from the
surface, so the cloud top spreads horizontally forming the characteristic anvil.
The weakened surface convergence indicates the entering of dissipation stage,
although, remaining anvil survives for a much longer time. After 120 minutes,
only fragmented structure of the cloud remains in the integration domain. The
maximum accumulated rain is 175 mm, and accumulated hail is 1.3 kg m™,
In summary, the three-dimensional simulation indicates a moderate air mass
thunderstorm with appearance of large amount of precipitation.
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Fig. 3. General cloud appearance at 10, 30, 40, and 70 min. in x - z plane at y = 8.0 km.

Cloudy areas are outlined by the solid line with cloud water mixing ratio = 0.01 g kg™

Dots and rectangular boxes indicate rain and hail mixing ratios greater than 0.5 g kg™,
respectively. The asterisks denote the snow mixing ratio greater than 0.5 g kg™
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The real microphysical structure of the storm chosen for numerical
simulation was examined through calculations of the maximum radar
reflectivity factor. The time evolution of the radar reflectivity maps are shown
in Fig. 4. Dominant features are the temperature perturbation and appearance
of the first radar echo 12 min. after the initialization. Then one can note rapid
growth and spread of the radar reflectivity in the super-cooled zone of the
cloud model domain. This phase of cloud evolution is characterized by
intensive microphysical transformations. The formation of precipitation is
evident on the radar reflectivity patterns from 30 to 50 min., when maximum
radar reflectivity is found in the warm sector of the model domain. 7able 2
shows the comparison between some simulated and observed parameters for
the analyzed case.

Vertical cross-sections of the integrated SO%~ aerosol mixing ratio in the
simulated storm built up in 10, 30, 40, and 50 minutes are presented in Fig. 5.
A three-dimensional view of sulfate transport and redistribution inside the
convective cloud volume is shown in Fig. 6. It is conspicuous that sulfate
transport and changes of its spatial distribution go parallel with cloud
formation and evolution. Convergence near the cloud base is the result of mass
transfer by nucleation scavenging and Brownian diffusion. The formation of
rain leads to a more uniform distribution of aerosol mass. After this, the
updrafts are no longer sufficient to maintain the mass flux, and scavenging by
rain successively reduces the mass of cloud-dissolved sulfate. The equivalent
air concentration of sulfate in the precipitation near to the surface is
approximately 2.5 times higher than the concentration in the air at this level. It
suggests that both processes, oxidation by O; and H,0, in rainwater and
scavenging by rain, contribute to the formation of excess sulfate near to the
surface. We found that after 40 min. simulation time, sulfate reaches the
ground leading to wet deposition. Small portion of sulfate mass, which is not
scavenged by hydrometeors, is advected by flows at upper cloud levels led by
the basic tropospheric wind. As time elapses, evaporation from precipitation
becomes so important, that a fraction of the sulfate is transferred back into the air.

Evolution of the pH factor in cloud water and rainwater after 20, 30, 40,
and 50 min. of simulation time is shown in Fig. 7a,b. The dashed curves
delineate the cloud and rainwater boundary, while solid lines display the pH
factor distribution in cloud and rainwater, respectively. The strong gradient of
cloud water acidity in early stages of cloud development is due to mass
convergence and dissolution of pollutants in cloud water close to the central
part of the cloud. In the mature stage, successive weakening of the gradient
followed by slight lowering of cloud water acidity can be seen. Subsequently,
the formation of precipitation induces rain scavenging and dissolution of
pollutants, contributing to much more uniform pH distribution. The average

103



15.00

30 min
10.00
N
5.00 -l NS -
— _0_ e . R RS —
5.00 10.00 15.00 20.00 25.00 30.00
X (km)
15.00
40 min
10.00 15
/E\ - e
=3 z gty
500 iy o
) ___0 ————— \-_F"“O_'-—/_——
5.00 10.00 15.00 20.00 25.00 30.00
X (km)
15.00
50 min
10.00 1
£ 2 "5
<
N500— - 0= - _ _ e 48
5.00 1000 1500 20.00 2500
x (km)
15.00
70 min
10.00
=) 15
3 75
5N00
. —___0_____,<6 ————— (i et
5.00 10.00 15.00 20.00 25.00 30.00
x (km)

= = i = S
35.00 40.00 45.00
= =g 0._ = e e
35.00 40.00 45.00
A5
- 0— ESL B e

3000 3500 40.00 4500

Fig. 4. The radar reflectivity history maps (dBz) in x - z plane at y = 8.0 km at 30, 40,
50, and 70 min. Dashed lines denote distribution of 0°C isotherm.

104



15.00 .

g

(km) <

15.00

8

oz (km) 5
8

15.00

5.00 10.00 15.00 2000 2500 3000 3500 40.00

X (km)
30 min
|
5.00 10.00 15.00 20.00 256,00  30.00 35.00 40.00
x (km)
40 min

500 1000 1500 2000 2500 3000 3500  40.00

500 1000 1500 2000 2500 3000 3500  40.00
x (km)

Fig. 5. Time evolution of sulfate concentration in the cloud (ug m=) in x - z plane at
y=28.0 km in 10, 30, 40, and 50 min. of the simulated storm on July 6, 1995.
Arrows denote wind fields.

45.00

45.00

45.00

45.00

105



Table 2. The comparison between simulated and observed parameters on July 6, 1995
(summer case)

Parameter Cloud Cloud Max. vertical Max. radar Total acc. Total
base top velocity reflectivity rain acc. hail
(km) (km) (ms” (dBz) (kg m™) (kg m™)

Model 2.2 13.5 20.4 56 175 1.3

Observed 2.4 14.6 18.3 50 180 -

Fig. 6. Three-dimensional view of sulfate transport and redistribution, in 10, 20, 30, 40,
50, and 120 min. of time. The dark patterns delineate cloud water mixing ratio greater
than 0.01 g kg™', the light fields are sulfate concentrations greater than 2.5 (ug m™).
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pH of rain near the ground is lower than 3.0 demonstrating the influence of
increased nucleation and oxidation on the acidity of the rain. Similar results for
the pH distribution, but for warm clouds are illustrated in the study by
Tremblay and Leighton (1986) and for a one-dimensional case by Taylor
(1989b). The higher pH in Taylor (1989Db) is a result of the assumed Henry's
law equilibrium and implicit treatment of gases taking part in sulfate
production. The lower calculated rainwater pH in Tremblay and Leighton
(1986) is mainly due to the cloud model limitation, the warm cumulus
convection ignoring ice-phase processes.

3.2 The spring case simulation of April 3, 2000

Large amount of mineral dust can be mobilized over the Sahara and injected
into the atmosphere under favorable atmospheric conditions. Even areas far
away from the desert such as Macedonia are sometimes affected by dust
transport and deposition, when dust behaves as a pollutant that significantly
reduces the air quality. It also causes the increase of content of all chemical
components, both anions, cations, and heavy metals (Nickovic et al., 2000).
Ambient SO%~ aerosol concentrations during such dust storms may consid-
erably exceed international standards for allowable concentrations.

In order to understand the sulfate aerosol transport and transformation
processes in such conditions and to investigate the modification of pollutant
concentration in the local cloud environment, also fully three-dimensional
simulation of the chemistry of a convective cloud have been performed.

The time evolution of the size-integrated SO3~ aerosol concentration
distribution during the storm’s life is depicted in Fig. 8 The numerical
simulation has shown rapid vertical transport of sulfate in the cloud formation
stage due to the mass transfer by nucleation of the sulfate particle matter.
Subsequently, this cloud parcel is advected and dispersed by the turbulent flow
field. Enhanced zonal flows at the upper level rapidly move the polluted cloud
into the central part of the integration domain. Early formation of rain
contributes to enhanced microphysical sulfate mass exchange among different
water species. The much higher sulfate concentration value after 30 min. is
mainly due to oxidation of SO, to SO2Z~ and scavenging processes. After this

the updrafts are not sufficient to maintain sulfate mass at the cloud base, and
washout by rain gradually reduces cloud dissolved sulfate. It is also seen, that
rain-laden sulfate reaches the ground after 30 min., causing wet deposition at
the surface. The short time cycle of the convective cloud does not allow
continuation of the process, and cloud enters into dissipative stage.
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greater than 0.5 g kg™, respectively. The symbol ‘s* denotes the snow mixing ratio greater
than 0.5 g kg™'. The solid curves represent isopleths of SO%‘ fields in the simulated cloud.
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Table 3 lists some parameters that characterized the numerical simulation
performed here. Among others, maximum volume concentration of SO3-

(mg /"), pH of cloud and rainwater, respectively, and total wet deposition
(mg m2) for 60 min simulation were calculated.

Table 3. List of the model calculated parameters for the spring case simulation

Parameter ‘ Time (minute)

10 20 30 40 50 60
Total rainfall (¢ m2) 0.0 0.0 5.6 19.S 243 27.8
pH - cloud water 5.0 6.0 6.5 6.0 5.0 3.5
PpH - rain 3.0 4.5 7.0 3.6 4.5 5.5
Max. concentration 43 6.5 8.0 10.5 8.0 5.5

[SO%~ -S] (ug m?)

Total wet deposition 0.0 0.2 15.4 29.4 38.4 40.2

[SO%~ -S] (mg m™)
0.6 0.6 0.6 0.6 0.5 0.4

Max. ionic concentration
[NH, "] (ng m™)

Mixing ratio of rain, g, (g kg™) 0.0 0.1 0.4 0.4 0.4 0.4

0.0 0.6 1.5 1.5 1.5 1.5
11.6 12.8 13.9 13:9 13.9 13.9

Mixing ratio of snow, g5 (g kg™)

Max. vertical velocity, W, (ms™)

3.3 Comparison between simulated and measured of cloud chemical
characteristics

Model results were compared to those observed and analyzed by standard
laboratory methods. Precipitation samples from meteorological station
Lazaropole (located in a rural representative area at 1333 meters a.s.l.) have
been collected in every 24 hours with a wet only sampler ARS 1510. These
measurements are continuously carried out in the framework of the European
Monitoring and Evaluation Programme (EMEP). The chemical analysis of
rainfall samples is performed using standard methods for anions (see, e.g.,
Nickovic et al., 2000; Andreevska et al., 2001).

The observed and measured parameters detected in precipitation samples
for the period March-April 2000 are listed in Table 4. It is conspicuous, that
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maximum amount of rainfall, pH, volume concentration of SO%~, and wet
deposition have really occurred on April 3 and 4. It is certain, that unstable
conditions and convection contributed to the maximum rainfall and adequately
higher concentration and deposition values in that period.

Table 4. Rainfall, pH, sulfate volume concentration and wet deposition, measured
at the meteorological station Lazaropole during March-April, 2000

Date Rain (¢ m™) pH SO,~S (mg ¢') SOS (mg m™)
March 2-3, 2000 19.0 4.75 0.107 2.04
March 5-6, 2000 0.8 4.46 0.371 0.287
March 15-16, 2000 252 4.47 0.107 2.70
March 16-17, 2000 1.4 5.38
March 17-18,2000 0.2 4.99
March 18-19, 2000 0.1 4.53 0.270 0.027
March 26-27, 2000 1.7 5.36 0.964 1.64
March 27-28, 2000 8. 5.05 0.321 2.60
April 1-2, 2000 6.2 6.10 1.070 6.63
April 3-4, 2000 30.2 7.65 6.690 42.04
April 4-5, 2000 6.0 7.78 3.540 2122
April 5-6, 2000 6.1 6.26 0.910 5.54
April 6-7, 2000 2.7 4.70 0.320 0.87
April 7-8, 2000 2.4 5.68
April 10-11, 2000 11.3 5.52 3.620 7.97
April 18-19, 2000 2.2 6.43
April 19-20, 2000 2.6 6.04 0 0
April 20-21, 2000 4.0 4.11
April 25-26, 2000 9.0 4.28 0.129 1.16
April 29-30, 2000 5.0 4.10 0.740 3.70
April 30-May 01, 2000 8.2 4.07 0.160 1.31

Note: On April 3 and 4, unstable conditions and strong convection led to the high
concentration and deposition values.

The comparative analysis has shown good agreement between simulated
and observed total accumulated precipitation. Higher measured pH values as
compared to calculated pH = 5.5 are probably due to the fact, that dust is an
alkaline compound that increases the pH value. There is also a fairly good
agreement between measured and calculated total wet deposition of SOF~. The
latter was 40.16 mg m™ for 120 min. simulation time. One of the reasons for
higher simulated concentration value of SO~ (10.50 mg ¢™') is the result of
using higher initial SO%- concentration. The laboratory results and peaks have
also shown good coincidence with the model-computed results.
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These results have also been compared with the results of chemical
analysis of precipitation at the main meteorological station (MMS) Lazaropole
taken from the study on air pollution monitoring system in FYROM, published
by the Japan International Cooperation Agency (JICA, 1999). Results shown in
Table 3 show quite reasonable values of pH in comparison to annual averaged
pH value (6.22). There is also good agreement between calculated and
measured SO}~ and NH} ionic concentrations.

Table 5. The relative contribution of the total sulfur and NH} mass removed by wet

deposition for continental non-polluted and continental polluted background for a
summer case simulation on July 6, 1995. The asterisk represents which chemical or
physical parameterization is not involved in the simulation

Sulfur and NH} integrated

3D Absorption Nucleation Liquid-phase Aqueous ey .
Model ——— and impact oxidation of SO,  simulation Precipitation mass (in kg)
run Kinetic/Henry’s scavenging by H,0, and O, of .
Law ice phase Continental clouds
in-cloud/subcloud  in-cloud/subcloud n(;n-polluted / pc;lluted
SO;~ NHj SOz~ NH}
I yes* no yes yes yes yes yes 8.12 3.42 26.20 6.84
11 no yes*  yes yes yes yes yes 12.05 4.43 42.17 12.50
111 yes no no* yes yes yes yes 5.93 239 20.75 5.52
v yes no yes no* yes yes yes 5.20 2.00 17.51 5.06
v yes no yes yes no* yes yes 5.05 3.42 16.95 6.84
VI yes no yes yes yes no* yes 4.75 3.42 16.70 6.84

VII yes no yes yes no* yes no* 11.30 4.78 39.79 11.43

4. The model sensitivity tests

The relative importance of absorption, scavenging, oxidation, and ice phase
processes in the production and subsequent deposition of SOZ%~, for mid-
latitude moderate air mass thunderstorms have been determined from the cloud
model generated microphysics and chemical fields. Table 5 gives the
parameters that distinguish among the seven numerical experiments carried out
here. The first run that includes entire chemistry serves as a basis for
comparison to each other. Table 6 lists the sulfate source terms for the summer
case simulation on July 6, 1995. As it can be seen from Table 6, the dominant
production terms that control the sulfate chemical reactions are the SO3%-
nucleation scavenging (PS3), oxidation of S(IV) in cloud water and rainwater
by O; and H,0, (PS2, PS9), SO transfer from cloud water to cloud ice as
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a result of depositional growth of cloud ice (PS14), and transfer of cloud water
to SO%~ when cloud droplets evaporate (PS15).

Table 6. The sulfate production terms for the summer case simulation on July 6, 1995
(kg kg's™"). All terms are defined in Part I. Symbols in bold letter denote the dominant
sulfate source terms

PSUI 0.3-10" PSU2 0.1-10® PSU3 03-10° PSu4 0.1-10" PpsSus 09-10™"
pPSU6 0.4-10"° PsSu7 0.4-10" psus 09-10" PSU9 0.8-10° PSUI0 —02-10"
PSU11 0.3-10"" PSU12 0.2-10"" PSU13 0.2-10"" PSU14 03-10" PSU15 05-107°
PSU16 0.7-10" PSU17 0.1-10"" PSU18-07-10"® PSU19 0.6-10" PSU20 0.2-10™"

PSU21 0.2-10"

PSU22 0.3-10"

PSuU23 0.1-10™"

PSU24 0.2-10™

PSU25 0.2-107"

PSU26 0.5-107"

4.1 The absorption of chemical species

The absorption of gas phase chemical species into cloud water and rainwater is
determined by either Henry’s law equilibrium or by explicit time-dependant
calculation of gas transfer to droplets, using mass transfer limitation
calculations.

Fig. 9a shows how the mixing ratios of gases included in sulfate
production, dissolved in the cloud water and rainwater, are propagated and
distributed within the simulated storm by applying the kinetic gas uptake
method. Panels shown in Fig. 9b depict distributions of gases assuming
Henry’s law equilibrium. The difference is more emphasized for a more
soluble gas as hydrogen peroxide.

The assumption of Henry’s law equilibrium leads to about 148% higher
value of the integrated sulfate mass removed by wet deposition for continental
non-polluted clouds, and about 133% for continental polluted clouds. It
suggests that models of mid-latitude continental storms, which neglect kinetic
gas uptake limitations, will tend to over-predict the wet deposition.

4.2 The effects of in-cloud and sub-cloud scavenging for continental non-
polluted and polluted clouds

Scavenging is found to be a very important process contributing to the
redistribution of sulfate, which can cause decrease of concentrations of
chemical species inside the cloud and in the near-to-cloud environment. The
efficiency of scavenging processes in the production and subsequent deposition
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of SO}~ for the continental non-polluted and polluted air mass thunderstorms
were determined from the model generated microphysical and chemical fields.
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Fig. 9a. Time evolution of H,0,, SO,, and O, concentrations in (ug m™) in x-z
plane at y=28 km, in 30 min. of the simulated cloud on July 6, 1995, by including
method of kinetic gas limitations.
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RUNII ( HENRY'S LAW EQUILIBRIUM)
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Fig. 9b. Time evolution of H,0,, SO,, and O; concentrations in (ug m™) in x-z
plane at y=8 km, in 30 min. of the simulated cloud on July 6, 1995, using Henry’s
Law assumption.

Examination of the SO?- fields provides information about the integrated

aerosol scavenging, i.e., nucleation scavenging, Brownian diffusion by cloud
droplets, and dynamic-impact scavenging by falling hydrometeors. In-cloud
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scavenging of SO} and NH} parallel, providing that the ratio SO%~/NH}
remains constant. Sub-cloud scavenging is also a linear function of the local
aerosol concentration and non-linear function of precipitation rate. Since the
NH; and SO%- aerosol fields have identical collection efficiency (11.0),

scavenging of SO%~ aerosol in the sub-cloud region will take place parallel
with the NHj sub-cloud scavenging.

In-cloud scavenging for distributions in continental non-polluted and
polluted cases is responsible for about 27% and 20% of the total production,
respectively. Sub-cloud scavenging for those types of clouds contributes about
35% and 29 %, respectively. Values in Table 6 indicate that about 30% of the
NH} in precipitation is from in-cloud scavenging, and that about 23% is from
sub-cloud scavenging.

In-cloud scavenging processes in Taylor (1989b) accounted for 30-50%,
while sub-cloud scavenging contributed for about 25%. These higher calcu-
lated percentage numbers, especially for in-cloud scavenging, are attributed to
one-dimensionality of the model used, and to the assumed Henry’s law
equilibrium, which leads to strong scavenging of gases.

4.3 The relative importance of oxidation in sulfate production and wet
deposition

Reactions, which evolve during oxidation of S (IV) to S (VI) by H,0, and
O, are of particular interest of cloud chemistry. In order to estimate the
relative contribution of SO, oxidation, two experiments were set up. The first
one was accomplished using the entire chemistry parameterization discussed in
paper by Spiridonov and Curic (2003), while the second turned off all
oxidation terms, i.e., PS2, PS9, PH20, OHP20, PH21, and OHP21. Fig. 10a
shows time series of SO7~ aerosol distributions obtained by the oxidation off
run, in the mature and heavy precipitation stages of the storm evolution. Plots
shown in Fig. 10b represent distribution by oxidation off run. As it can be seen
in Fig. 10a, inclusion of oxidation terms gives relatively higher in-cloud and
sub-cloud SO%~ concentration values almost everywhere in the domain. It
suggests that possible enhanced oxidation in convective clouds may act as an
important source of sulfate in the air, as illustrated by the time evolution of the
integrated sulfate concentration.

In-cloud oxidation of S (IV) to SO?- is a function of aerosol composition
and accounts for about 35% in the non-polluted clouds and about 32% in the
polluted ones. Sub-cloud oxidation contributes to 40% and 35% of the total
sulfur mass removed by wet deposition in the case of non-polluted and polluted
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clouds, respectively. Oxidation of SO, accounts for about 15% of the in-cloud
SO2%-. These results are in quite good agreement with those of Wang and
Prinn (2000). Their calculations indicate that about 9.0% of dissolved SO,
have been converted into aqueous sulfuric acid for 30 hours simulation. As a
result, the aqueous processes only contribute 21% to the total sulfate
production. A slightly higher estimated value of our study (15%) in light of
Wang and Prinn (2000) is probably attributed to different model initializations
and using low ozone (10 ppb) in the initial profile of O; mole fraction.

o RUNT (OXIDATION ON)

15.
25 min
10.00
\f\-l/ﬁm o 20
5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00
X (KM)
RUN | (OXIDATION ON)
15.00
55 min
5
_10.00 5 5
E 5
N
5.00

5.00 10.00 1500 2000 2500 3000 3500 40.00 4500
X (KM)

Fig. 10a. Time evolution of the sulfate concentration (ug m™) in the x-z plane at
y=28.0 km, in 25 and 55 min. Panels represent sulfate distribution by oxidation on run.

It is also interesting to compare the results here to those in Taylor
(1989b), where in-cloud oxidation of SO, contributed to 10% and 25% of the

total sulfur mass deposited, while sub-cloud oxidation accounted for about
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10% and 35% for continental non-polluted and continental polluted clouds,
respectively. These values seem to be overestimated, as the result of implicit
treatment of gases included in chemistry scheme and assumed Henry's law
equilibrium. Finally, the integrated sulfur mass removed by wet deposition for
continental non-polluted and continental polluted distributions of our study
accounted for about 8.12 and 26.20 kg, respectively, and are similar to
estimated values (7.35 and 24.35 kg) in Taylor (1989b).

RUN I (OXIDATION OFF)

25 min

5.00 10.00 15.00 20.00 2500 30.00 3500 40.00 45.00
X (KM)

RUN II (OXIDATION OFF)

15.00
55 min

5.00 10.00 1500 2000 2500 3000 3500 4000 4500
X (KM)

Fig. 10b. Time evolution of the sulfate concentration (g m™) in the x-z plane at
y=28.0 km, in 25 and 55 min. Panels represent sulfate distribution by oxidation off run.

4.4 The role of the ice phase processes
Table 7 lists the dominant production terms for rain, snow, and hail that

control the microphysical processes for the summer case simulation of July 6,
1996. As it can be seen, most of the precipitation in the simulated convective
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clouds came from the ice-phase processes. The key microphysical processes
that transfer the dissolved species to the resultant frozen hydrometeor are the
accretion of cloud water by snow (PSACW), accretion of cloud ice by snow
(PSACI), depositional growth of snow (PSDEP), wet and dry growth of
graupel (PGDRY, PGWET), accretion of cloud water by graupel (PGACW),
and auto-conversion (aggregation) of snow (PGAUT). Conversion of cloud
water to ice phase terminates the aqueous phase sulfate reactions. Collision of
super-cooled droplets with solid ice and riming leads to the efficient retention
of sulfate. In order to study the effects of ignoring the ice phase upon the
chemistry, a series of test were made in which the cloud dynamics and
microphysics were not changed, but the chemical reactions in the frozen
hydrometeors were assumed to be identical to those in precipitation water.
Neglecting liquid-ice phase leads to overestimation of the total sulfur mass
removed by wet deposition of about 148% for continental non-polluted and
around 133 % for continental polluted distributions, relative to the base run.

Table 7. The dominant transfer rates for the microphysical processes
for the summer case simulation on July 6, 1995

Rain (g g”'s™) Snow (g g's™) Hail (g g's™)

PRAUT 0.0 PSAUT 0.0 PGAUT 0.6-107
PRACW 0.0 PSACI 0.2-10° PGFR 0.3-10°
PIACR 0.0 PSACW 0.5-10° PGACW 0.3:107
PSACR 0.9:10° PSACR 0.3-10™" PSACR 0.4-10™"
PGARR —0.3-10™" PSFW 0.4-10° PRACS 0.3:10°
PGFR 0.0 PSFI  0.1.10™ PRACI 0.2-:107"
PSMLT -0.7-10"° PIACR 0.6-107"¢ PGACR 0.2-10™"
PREVP —0.2-10° PSDEP 0.3-10° PGACRP 0.4-107°
PRAUT 0.0 PSMLT 0.0 PIACR 0.1-107
PRACW 0.0 PGACS 0.0 PGSUB 0.0

PSACW 0.0 PGAUT 0.4-107 PGACS 0.2-107
PGACW 0.0 PRACS 0.8:107° PGDRY 0.3:107
PGMLT —0.2-10° PSSUB —0.2:107 PGWET 0.8-10*
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5. Summary and conclusions

A three-dimensional interactive cloud dynamics, microphysics, and chemistry
model has been used to simulate the sulfate transport and redistribution by
deep convective clouds.

The summer case simulation has shown generation of strong vertical
upward and downward air motions, intensive cloud evolution, microphysical
transformations, and occurrence of extensive precipitation. The simulation
demonstrated that the local air mass thunderstorm can significantly change the
spatial distribution of sulfate aerosol concentrations. The formation of ice
phase can greatly modify the relative efficiency of aqueous reactions, and thus
modify the changes in chemical properties induced by deep convection. The
early formation of precipitation and enhanced scavenging contributed to the
build-up of approximately 2.5 times greater equivalent air concentration of
sulfate in precipitation near the surface than that found in the air at this level.
The key microphysical processes that transferred the dissolved matter to the
resultant frozen hydrometeor were the accretion of cloud water by snow,
accretion of cloud ice by snow and depositional growth of snow, wet and dry
irowth of graupel, accretion of cloud water by graupel, and auto-conversion
(aggregation) of snow.

The spring case numerical experiment with chemical background taken
from Macedonia provided insight into the potential influence on the long-range
transport of atmospheric pollutants, and ascertained some semi-quantitative and
semi-qualitative hypotheses about processes by which acidic species are
incorporated into precipitation. The model computed sulfate concentration and
wet deposition are in fairly good agreement with observations. The average
equivalent cloud water pH and rainwater pH, when more acid precipitation
occurs, are about 5.0 and 4.5, respectively.

The performed sensitivity tests have revealed that nucleation and aerosol
in-cloud scavenging account for about 30% and 20% of the total sulfur mass
removed by wet deposition, for continental non-polluted and polluted clouds,
respectively. Sub-cloud scavenging contributed to 35% and 29% of the total
sulfur mass deposited. Liquid-phase in-cloud oxidation contributes to about
35% and 32%. Sub-cloud oxidation in those types of clouds accounted for
about 40% and 35%, respectively. Neglect of the ice phase when considering
chemistry in continental non-polluted and continental polluted clouds may lead
to overestimation by about 140% and 150% of the total sulfur mass removed
by wet deposition. The assumption of Henry’s law equilibrium for those types
of clouds gives overestimation of about 148 % and 133 %, respectively.

Many questions related to the impact of deep convection on redistribution
of atmospheric pollutants remain unanswered. Our next task is to improve the
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model chemistry by including more detailed gaseous phase physics and
chemistry, better initialization without random parts, parameterization of
radiation, as well as surface chemical processes.
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Abstract—In this study the impacts of predicted anthropogenic climate change on
heating energy demand in some regions of three European countries are estimated. The
countries studied are Hungary, Romania, and Finland. The estimate is obtained by
examining the projected future values of the heating degree-days (HDD) index, a
measure widely used for assessing heating energy consumption. Estimates of climate
change are obtained from two coupled atmosphere-ocean general circulation model
runs, conducted by the HadCM3 and the ECHAM4/OPYC3 models. The results
suggest a 10-14% decrease in heating energy demand during the next 50 years in the
three studied countries. Though there are still uncertainties related to the magnitude of
climate warming, the negative trend in heating energy demand seems so evident, that it
should be taken into account in the planning of future energy management.

Key-words: climate change, heating degree-days index, heating energy demand, energy
and climate.

1. Introduction

The anticipated air temperature rise due to anthropogenic climate change will
have several impacts on the energy sector (e.g., Darmstadter, 1993). Higher
temperatures lead to reduced heating energy demand during the winter
seasons, and in some regions to an increased cooling energy demand during
summers, although, the estimate of the net effect is scenario- and location
dependent. Some energy production and distribution systems may experience
adverse impacts that would reduce supplies or system reliability, while other

123



energy systems may benefit. The availability of hydro-, wind-, and solar
power may change if precipitation, evaporation, wind and cloudiness undergo
changes. Changes in river flow regimes, greater probability of drought and
less precipitation falling as snow may reduce the hydroelectric capacity of
current powerhouses. Increased cloudiness can reduce solar energy production.
Wind energy production would also be reduced if wind speeds increased above
or fall below the acceptable operating range of available technology (/PCC,
2001a,b). Global warming may also affect the energy sector. For example, the
efficiency of condensing power plants may decrease, the rise of the cooling
water temperature (taken from oceans and continental waters: rivers, lakes)
may produce this negative influence additionally. The amount of available
bioenergy may increase as the speed of forest growth increases (e.g.,
Kellomdki, 1993).

The HDD index is the sum of the differences between daily mean outdoor
temperature and indoor temperature. It has been found to be a good measure
for estimating heating energy consumption (e.g., Quayle and Diaz, 1980). The
HDD index has been used as an estimate for heating energy demand in several
research projects. For example, Cvitan and Poje (1985) estimated the degree
of coldness in Croatian winters using the number of heating days and the
heating degree-days. Hargy (1997) constructed objective mapping of the spatial
variation of degree-days for Ireland applying statistical models of spatial
variation to a digital terrain model of Ireland. These maps were then used to
identify areas with anomalous temperature regimes. Kadiogiu et al. (1999)
studied heating degree-days in Turkey and represented maps of spatial degree-
days distribution; these were then related to various climatic, meteorological,
and topographic features of Turkey. Studies on heating degree-days were
conducted in Czech Republic by Starostova (1999). The study examined the
heating period characteristics in south Bohemia for the period 1961-1997,
when the annual sums of degree-days showed a slight regressive trend.

In North America, Soule and Suckling (1995) examined the temporal
trends and spatial variability of heating and cooling degree-days in a region of
south-eastern USA for the period 1960-1989 using time series analysis,
regression analysis, and a climate departure index. Their results showed a
weak downward trend for actual heating degree-days values across the region
during the studied period. Darmstadter (1993) studied climate change impacts
on the energy sector and energy supply in the MINK region (Missouri, lowa,
Nebraska, and Kansas states). He illustrated that a 0.65-0.90°C rise in
temperature results in a 5-8% decline in heating degree-days and a 20-40%
rise in cooling degree-days. In Canada, the HDD values during the period
1990-1998 showed a significant negative trend. Heating degree-days, as
simulated by the first version of Canadian Global Coupled Model (CGCM]1) in
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the GHGA runs, may decrease by 25-50% over northern landmasses by the
year 2100 (Kharin and Zwiers, 2000).

The scope of the present research is to estimate the possible future change
in the heating energy demand for two regions, Finland in northern Europe and
parts of Hungary (Great Hungarian Plain) and Romania (Transylvanian Basin)
in Central and East Europe. Within the studied regions, Tistea (1974) has
determined the monthly HDD values for Romania and identified the regions.
In Hungary, Ambrézy and Faragé (1988) analyzed the effect of severe
meteorological conditions, especially the unusually cold winter periods, on the
energy supply and demand. They introduced some additional tasks which
pertain to energy problems that might arise under severe meteorological
conditions. Farago et al. (1991) studied the global and regional changes of
climate and impacts of these, as well as the climatic sensitivity of the energy
demand and consumption. According to their results, the climatic change will
have essential impact upon the energy demand and consumption: 1°C change
in the mean winter temperature would cause a change of 6% of opposite sign
in the domestic energy use for heating purposes.

In Finland, Kuivalainen et al. (1996) conducted a study of the impact of
climate change on the energy production and consumption. Their results
suggest a significant decrease in the need for heating energy (25% by 2100)
and an increase in the energy-supply (5% for hydroenergy capacity by 2100).
Their study was based on two climate scenarios: the Finnish Research
Programme on Climate Change, SILMU (Carter et al., 1995), and the Nordic
project (Jonsson et al., 1994). Salthun et al. (1998) have also studied the
climate change impacts on the energy consumption and hydropower production
in Nordic countries. For Finland they determined a 2.4% reduction in the
electricity demand by 2050. In the current study the estimates for the
magnitude of climate warming are obtained from two transient climate change
simulations, performed with coupled atmosphere-ocean general circulation
models: HadCM3 (e.g., Gordon et al. (2000) and Pope et al. (2000)) and
ECHAM4/0OPYC3 (Roeckner et al., 1999). The period studied is the first half
of the 21st century (2000-2050). Measured data (1901-1999) were used to
obtain an indication in the natural variation of the HDD index.

Population-weighted heating degree-days are often used, as they reflect
the combined effects of climate fluctuations and population movements
(Downton et al., 1988; Taylor, 1981). Besides population, the heating energy
consumption also depends on building construction. For example, new
buildings may have better insolation, and thus energy consumption is less than
in older buildings. The volume of building stock also affects the absolute
heating energy demand; the increase in building stock during the study period
causes more heating energy demand. However, this paper does not study how
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the population will develop, how the volume of building stock will change, or
how construction techniques will develop in the future. These issues are
beyond the scope of the paper, we will concentrate on climate related aspects
that also contain a number of uncertainties.

2. Data and methods
2.1 The calculation of heating degree-days

The heating degree-days index (HDD) is the sum of the differences between
daily mean outside temperature (Tdaily) and inside temperature. There are
different ways to calculate HDD index, for example, sometimes daily
maximum and minimum outside air temperatures are used instead of daily
mean temperature. The inside or base temperature is adopted according to
historical convention, quite often 15°C is used (Heerdegen, 1988). In
Scandinavian countries the inside temperature is estimated to be 17°C, and
thus monthly HDD index can be calculated using Eq. (1),

HDD =3 [~ (Tdaily, - 17)], )
i=1

where n is the number of days per month. In the January-June period HDD
values will not be zero if 7daily is less than 10°C, while in July-December if
Tdaily is less than 12°C. These limits are defined based on the assumption
that during the first half of the year, the heating of buildings due to solar
radiation is greater, as there are usually fewer clouds than in the second half of
the year. The method explained here is found to give a good interpretation of
the heating energy demand and used routinely by energy producers in
Scandinavian countries.

The HDD index is conventionally calculated on the based of daily values.
As only monthly data were available from Global Spectral Model (GSM) runs,
we first studied if it would be possible to calculate HDD using only monthly
mean temperatures. HDD values, calculated with monthly and daily data, are
strongly correlated — for example, the correlation coefficient at two Finnish
stations, Helsinki and Sodankyld (Fig. I) was 0.993 and 0.995, at the
Romanian station, Targu-Mures it was 0.989 (Fig. I). Due to the strong
correlation, it was justified to use monthly mean temperatures for the
calculation of the HDD index,

HDD = —(Tmonthly —17) n, )
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where 7 is the number of days per month. Seasonal and annual HDD index
values were calculated using monthly HDD index values. During the winter
season, when temperatures are below cut-off limits, 10 and 12°C, the
difference between values calculated using daily and monthly data is negligible,
but during other seasons, the HDD index values obtained from monthly data
may be somewhat smaller than if daily data were used (see Table I). An
apparent reason is that the period between spring and autumn includes months,
when temperatures are over the cut-off limits (10-12°C). However, as most of
the heating energy demand appears during the winter season, when the
temperature is clearly below the cut-off limits, the difference between values
calculated from monthly and daily data is insignificant.
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Fig. 1. Monthly HDD index calculated using daily (x-axis) and monthly (y-axis) mean
temperatures in Helsinki, Sodankyld, and Targu-Mures in 1970-1999.
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Table 1. The mean seasonal and annual HDD index values calculated using all available
(Fig. 3) monthly mean temperatures

Stations Annual Oct-Mar Apr-Sep Winter Spring Summer Autumn
Jyviskyld 4727 3836 891 2213 1308 11 1195
Helsinki 4102 3347 755 1928 1211 0 962
Kuopio 4961 3994 967 2308 1390 11 1252
Vaasa 4623 3643 980 2069 1388 16 1150
Sodankyld 6256 4750 1506 2684 1753 213 1605
Békéscsaba 2498 2428 70 1563 430 0 505
Debrecen 2622 2534 88 1600 456 1 564
Turkeve 2550 2481 69 1586 430 0 534
Cluj-Napoca 3028 2821 207 1756 606 0 666
Bistrita 3079 2855 224 1761 623 0 695
Dej 3021 2839 182 1762 593 0 666
Targu-Mures 2931 2715 156 1740 546 2 642
Turda 3005 2811 194 1748 588 0 668

2.2 Estimation of heating degree-days applying general circulation models

Estimates of the magnitude of projected climate warming were obtained from
two general circulation models: HadCM3 developed at the Hadley Centre
(UK; see Gordon et al., 2000; Pope et al., 2000) and ECHAM4/OPYC3
developed at the Max-Planck-Institute for Meteorology and German Climate
Computing Centre (DKRZ, Germany; see Roeckner et al., 1999). In this
present study we used an all-anthropogenic forcing integration (AA) by
HadCM3 and a sulfate aerosol and greenhouse gas experiment (GSD) by
ECHAM4/OPYC3. In addition to warming due to enhanced concentrations of
greenhouse gases, both these simulations include an estimate of the cooling
influence of anthropogenic sulphate aerosols due to backscattering of solar
radiation in clear skies (direct effect). The HadCM3-AA simulation also
estimates the impact of sulfate aerosols on cloud albedo (indirect effect), as
well as radiative forcing due to anthropogenic changes in the tropospheric
ozone. From 1860 to 1990, radiative forcing is calculated on the basis of
observations. From 1990 onward, HadCM3-AA uses the IS95a emissions
scenario, and ECHAM 4/OPYC3-GSD applies the 1S92a emissions scenario.

A 90-year simulation starting from the year 1961 was used for both
models. The 90-year period was divided into three 30-year periods. By
comparing these 30-year periods, it was possible to obtain an estimate how the
HDD index may change in the near future. The grid sizes of the global models
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HadCM3 and ECHAM4/OPYC3 are 2.5x3.75° and 2.8x2.8° (latitude-longi-
tude), respectively. These correspond roughly to 200-300 km at the latitudes
studied (Fig. 2). For this study we selected 9 (4 from HadCM3 and 5 from
ECHAM4) grid squares for Finland and 6 (3 from HadCM3 and 3 from
ECHAM4) grid squares for Romania and Hungary, and examined how the
HDD index would change in these grid squares.
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Fig. 2. The land-sea mask in the ECHAM4 and HadCM3 AOG models. The grid-squares
used in the current study are named using letters A-H (ECHAM4) and I-P (HadCM3).

Grid values represent mean values over the whole grid box. To obtain an
indication of how the HDD index varies naturally at certain locations,
measured temperature values were studied first. Measured data covered the
period 1901-1999 from 5 locations in Finland (Helsinki, Jyvaskyld, Vaasa,
Kuopio, and Sodankyld), 3 locations in Hungary (Debrecen, Békéscsaba,
Tarkeve), and 5 locations in Romania (Cluj-Napoca, Dej, Turda, Targu-
Mures, Bistrita) (Fig. 3). These weather stations belong to national
meteorological networks and measurement data has been passed through
quality control. The whole of Finland is represented by the stations used, while
the data sources from the two other countries are located in western Romania
(Transylvanian Basin) and eastern Hungary (Hungarian Plain on the left bank
of Danube).
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Fig. 3. Stations used in the study.

It is questionable how accurate an estimate of HDD can be, obtained
using global model rather than more detailed data. If we were to examine how
much the HDD index varies at certain locations, then use of global model grid
square values is not a good alternative. However, in our study we are
interested in how much the energy demand will change in a larger area, and in
that sense the use of global model is justified, though the details of spatial
variation are less well described by global models. A larger source of
uncertainty than the grid size is related to the general accuracy of climate
models as well as the uncertainty related to future emission scenarios.
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In order to obtain an estimate of the uncertainty related to different
scenarios and atmosphere-ocean general circulation model (AOGCMs)
calculations, the mean wintertime (December-February) temperature changes,
from 1961-1990 until 2021-2050, under the four preliminary SRES98 marker
scenarios from the IPCC Special Report on Emissions Scenarios (IPCC, 2000;
Hulme and Carter, 2000) and nine different AOGCMs model runs were
determined. Based on these temperature values, the HDD index for Finland for
the studied period 2021-2050 was calculated. The scenarios used give
quantitative interpretations for four alternative storylines (Al, A2, Bl, B2)
representing possible futures with different driving force combinations.
Further, a scaling method (Hulme and Carter, 2000) was used to estimate the
range of regional climate projections arising from the uncertainties in
emissions and climate system response. Bl-low assumes low emissions and
low climate sensitivity; Al-mid and B2-mid are based on central estimates;
A2-high assumes high emissions and high climate sensitivity. The adopted
AOGCMs were CGCMI1 (Flato et al., 2000), CSIRO-Mk2 (Gordon and
O’Farrell, 1997), HadCM2 (four ensemble runs) (Johns et al., 1997),
HadCM3 (Gordon et al., 2000; Pope et al., 2000), NCAR DOE-PCM
(Washington et al., 2000), ECHAM4 (Roeckner et al., 1999). The mean
temperature of Finland (7F) was defined as the mean of temperatures in the
grid squares (7sq) covering the country.

%qu,'
TF =51
nu

) (3)

where nu is the number of grid squares covering Finland. The mean HDD
index for the Finnish locations in 2021-2050 (HDD,,; ,,s5,) Was calculated by
rising the mean 1901-1999 temperature as indicated by different models and
scenarios.

HDD31 050 = [17 = (TW,991_1999 + AT)] 90, @)

where TW g4, 1000 is the mean temperature for period 1901-1999, calculated as
the mean of the five stations (Helsinki, Jyvidskyld, Kuopio, Vaasa, and
Sodankyld) used in this study, AT is the temperature rise predicted by the
different scenarios and models, and 90 indicates the number of days during the
three-month period (December—February). This estimate is cruder than that
based on monthly data, but it still provides an estimate of the limits of
uncertainty involved.
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3. Results
3.1 The variation of monthly and seasonal heating degree-days index values

Let us first look at the HDD index values in present day climate. Due to the
cooler climate, the HDD values calculated using the measurements of the past
100 years are higher in Finland. The annual value is 1000-2000°C higher than
in the other study areas (Table 1, see also Fig. 6). The values at stations in
Hungary and Romania are close to each other. In the Romanian locations they
are about 10% higher, partly due to the geographic position and orography:
the mean elevation is about 300-400 m higher in the Transylvanian Basin than
in the Hungarian Plain.

When examining the season-based HDD values at the studied stations, it
was found that in the winter half of the year (October-March) the highest
value is 4750°C at Sodankyld, while the lowest in Finland, at Helsinki, is
3347°C. In Jyviaskyld, Vaasa, and Kuopio, the values are within the 3640-
3995°C range. In Hungary, the long term mean values for the winter half of
the year are within the 2420-2540°C range, and in Romania the values are
somewhat higher within the 2770-2850°C range (Table I).

For the summer half of the year (April-September), the values are very
low in Hungary (70-88°C), the dominant value is zero for the April-
September period (some exceptions are recorded for April). In Romania, the
HDD values follow the same pattern, but the zero-period is shorter (May-
August). In Finland, extreme values are recorded again in Sodankyld (1506°C,
the highest) and in Helsinki (755°C, the lowest) with values in the 890-980°C
range at the other stations.

To depict how the HDD index values based on measurements are related
to values obtained from climate scenarios, we divided the monthly HDD
values obtained from the HadCM3 scenario (1961-2050 period) into three
thirty-year periods (1961-1990, 1991-2020, and 2021-2050) and plotted them
to the same figure with the values based on measurements. For the analyses we
selected one station from each country: Jyvéskyld from Finland, Debrecen
from Hungary, and Cluj-Napoca from Romania (Fig. 4).

In the case of the Great Hungarian Plain and Transylvanian Basin, the
HDD values based on the HadCM3 simulation for 1961-1990 period are
relatively close to measurements. For Finland, the HadCM3 model
predicts systematically lower temperatures than those indicated by the
measurements. Due to the natural climate variation in the 1991-2020 or
even 2021-2050 scenario periods, during a few months higher HDD index
values are shown than in the 1961-1990 period, e.g., in January in
Jyviskyla.
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Fig. 4. Monthly HDD index values at Jyviskyld, Debrecen, and Cluj-Napoca. The line
plots are 25%, 50%, and 75% percentiles based on 1901-1999 observations. The box-
plots depict the variation based on the three thirty-year periods (1961-1990, 1991-
2020, and 2021-2050) obtained from HadCM3 model for grid squares J and N. The
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3.2 The variation in the annual heating degree-days index values

When we examine the 30-year periods of the annual HDD index (Fig. 5) we
can see that in case of the ECHAM4 model the values are smaller than in the
case of HadCM3. The latter model systematically indicates a colder climate. In
Finland, the HDD indexes calculated on the base of the HadCM3 model are
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approximately the same during the two periods 1961-1990 and 1991-2020,
while the period 2021-2050 is clearly warmer than the two earlier periods. In
the case of the ECHAM4 model, the warming of climate is slightly larger
between the first and second thirty-year periods than during the second and
third thirty-year periods. At all the Finnish locations, the studied HDD index
values decrease on an average by 400-500°C when the 2021-2050 period is
compared to the first thirty-year period 1961-1990.
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At the Romanian and Hungarian stations, the warming trend predicted by
both of the models is linear. The decrease in the HDD index is about 300°C
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when the 1961-1991 period is compared to the 2021-2050 period. The values
in Romania are about 500-600°C higher than in Hungary, although, the
stations are situated on the same latitude where the continental effect is
detectable.

For the analyses of annual HDD index value changes, we have selected
one reliable station from each country with long and complete data series:
Jyvaskyld from Finland, Turkeve from Hungary, and Turda from Romania.
Whilst examining the annual HDD index value changes during the past 100
years (Fig. 6A), there is a slight negative trend according to measurements
(179°C in Jyviaskyld). Correspondingly, the standard deviations according to
measurements are 411°C (Jyviskyld), 271 (Turkeve), and 264 (Turda).

When modeled data is examined, the negative trend in the corresponding
grid squares according to ECHAM4 for the period 1950-2050 (Fig. 6B) is
1040, 494, 496°C in grid square B (Jyviskyld), grid square F (Turkeve), and
grid square G (Turda), respectively, and the corresponding standard deviations
(trend removed from the data) are 293, 189, and 194. The natural variation of
climate at the station is thus larger than the variation simulated by ECHAM4.
When we examine the HadCM3 data (Fig. 6C), we find that in grid square J
(Jyviskyld) there is no trend until 2000 and after that there is also a negative
trend. The negative trend for the whole period is 1133, 593, 501°C in grid
square J (Jyvidskyld), grid square M (Turkeve), and grid square P (Turda),
respectively, and the corresponding standard deviations (trend removed from
the data) are 390, 316, and 278. In Jyviskyld, the natural variation of climate
is approximately the same in magnitude as the variation simulated by the
HadCM3 model, while at other locations it is somewhat larger than the values
indicated by the measurements.

3.3 The change in the heating energy demand

The change in the HDD index can be interpreted directly as a change in the
heating energy demand per capita (e.g., Quayle and Diaz, 1980). According to
ECHAMA4, the heating energy need for the Finnish locations will decrease by
6-8% percent until the 1991-2020 period and by 10-13% until the 2021-2050
period. Using the HadCM3 values, the decrease until 2020 is only 1-4% and
under 1% in northern Finland. For the latter period (after 2020), the decrease
is about 10% in northern Finland and about 14 % in the rest of the country
(Fig. 7).

In the Romanian and Hungarian locations, the ECHAM4 scenario predicts
a 2-4% decrease until 1991-2020 and 11-13 % until 2021-2050. The HadCM3
model predicts 6-8% for the first period and 10-14% for the second period
(Fig. 7).
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3.4 Estimated uncertainty

Based on the mean temperature change by 2021-2050 under the four SRES
scenarios and nine different AOGCMs model runs, we determined the change
in the wintertime (December-February) temperature and heating degree-days
index for Finland for the studied period 2021-2050 (Fig. 8).
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Fig. 8. The estimated climate warming from 1961-90 to 2021-2050 (a), and the HDD
index () in Finland as obtained from nine different AOGC model simulations according
to four SRES scenarios (/PCC, 2000; Hulme and Carter, 2000) for mid-winter months
(December-February). The 2*std lines give the 2 times standard deviation values as
obtained from the HadCM2 and GFDL multi-decadal simulations and depict natural climate
variation. The HDD index was calculated by rising the mean 1901-1999 temperature as
indicated by different simulations and scenarios (Eq. (4)). In (b) there are also HDD
index values calculated on the base of the 1901-1999 mean winter temperatures
included as well as the HadCM3 and ECHAM4 simulations used in the present study.

The model with the largest warming in this study was ECHAM4 and the
coldest was GCCMI1. The Al and B2 scenarios showed roughly similar
changes, while the decrease in the HDD index was between 100 and 300°C.
The A2 scenario predicts the greatest warming with a decrease in the HDD
index of between 200 and 450°C. The coldest climate would be obtained if B1-
low conditions were to become true. In this case the decrease in HDD index is
between 100 and 200°C.

The difference between the predicted greatest and smallest warming is
still large, indicating the uncertainties related to local climate prediction and
assessment studies. The HDD index change according to the results of this
study corresponds to the Al-mid scenario changes, and the results are quite
close to a type of predicted “average” of different models and scenarios.
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4. Conclusions

The results of this study suggest that climate change will decrease the heating
energy demand by 10-14% during the next 50 years. For the wintertime
- when the heating energy demand is the highest - the scenarios predict a
10-12% decrease for Finland and 6-8% for the studied regions of Hungary
and Romania. Though there are still uncertainties related to the magnitude of
climate warming, the negative trend in heating energy demand seems so
evident that it should be taken into account in the energy production scenarios.

An interesting subject to study in the future will be the probability of
cold, relatively short 1-2-week periods, as the energy production capacity must
be made to cover also these maximum consumption periods. Besides the
heating energy demand, the climate change will inevitably also influence the
cooling energy demand during summertime.
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Abstract—Analysis of monthly variability was performed on two 100-150 years long grid-
point series of temperature anomalies and precipitation from Central Europe, near
Hungary. Increasing temperature during the 19th and 20th centuries has been accompanied
by a decrease in monthly variability. Thus, at present the temperature evolves towards to
more stable climate, especially in spring and summer. Lower variability is linked to more
rapid winter warming. Slow decrease of precipitation together with the noticeable increase
in precipitation variability is characteristic for the 20th century. The increase in
precipitation variability is more rapid in summer. Observed climatic variability near
Hungary is generally consistent with the patterns found for other European mid-latitude
locations as well as with those predicted by Global Circulation Models (GCMs).

Key-words: temperature, precipitation, variability trends.

1. Introduction

Climate is variable on all time scales. For better understanding of the nature of
the climate changes, attention is to be focused not only to the evolution of mean
climate characteristics, but also to the changes in the climate variability, and to
climate extremes. The necessity of including of the variability characteristics in
the climate change studies has been demonstrated in several works (Katz and
Brown, 1992; Rebetez, 1996; Wilks and Riha, 1996; and the references therein).
A detailed understanding of climate variability is important to the prediction of
extreme climatic events. It can be demonstrated that the frequency of climatic
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extremes is more sensitive to the changes in variability rather than to the mean
climate state (Katz and Brown, 1992). Rebetez (1996) has shown that climate
variability is one of the most important characteristics in the human perception
of climate. The potential response of the socio-economic fabrics of the global
community to the changes in climate variability may be stronger than to the
changes in climatic averages (Rebetez, 1996; Wilks and Riha, 1996), while these
changes are completely obscured when examining only the evolution of mean
characteristics.

One of the important fields of application of the variability investigations is
the detection of possible forced (e.g., anthropogenic) climate trends. For
example, in the face of the climatic change from the increased greenhouse gas
concentrations in the Earth atmosphere, there is strong evidence that changes will
occur not only in climatic mean state but also in their higher order moments.
General Circulation Models (GCMs) associated with the build-up of greenhouse
gases predict not only increase in temperatures but also a possible decrease in
temperature variability (McGuffie et al., 1999; Karl et al., 1999). While a global
trend of 0.3-0.6°C during the last century has been widely recognized (Nicholls
et al., 1996; Hansen et al., 2001), changes in the climate variability have been
less well studied or understood. Recent investigations of the surface air
temperature (SAT) variability in fact revealed definite decreasing variability
trends in SAT records (Karl et al., 1995; Moberg et al., 2000; Rebetez, 2001;
Yan et al., 2001, Bodri and Cermak, 2003). These studies admitted also, that the
climate changes differently from one region to another; thus, changes in the SAT
variability can be confidently diagnosed only on the base of wide regional studies.
Such investigations can be used for the validation of the simulated models for
various scenarios of greenhouse-gas emission and land use.

The situation is more complex with other associated climatic variables, such
as precipitation, that also can be affected by the global warming phenomenon.
Most of the existing models, like, e.g., recent investigations by Hulme et al.
(1998), are oriented towards the influence of the global warming on the
precipitation means. Precipitation sensitivity to the global warming for the land
areas simulated in the above work by a set of eight HadCM2 models with
different forcings achieved 1.5 to 2.5%/K over the period 1900-1996. These
values imply 3-15 mm precipitation growth for the last century, and coincide well
with the global land precipitation growth of 9 mm/100 years, calculated by New
et al. (2001), from precipitation gauge data. This growth is relatively small in
comparison with considerable precipitation variability. According to New et al.
(2001) on the decadal time scale range of the global land prec1p1tat10n oscillations
achieves +40 mm from the century mean of 950 mm.

The pioneering investigations concerning precipitation variability were
performed by Houghton et al. (1992), who summarized model results for
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conditions under doubled carbon dioxide concentration, and conclude that there
is some indication of increase of the precipitation rate in selected regions, which
could be accompanied by the simultaneous increase in the variability of the
precipitation. The simulations of 21st century climate by Kattenberg et al. (1996)
using GCMs forced with increasing atmospheric concentrations of greenhouse
gases also indicated an increase in the intensity of the hydrological cycle as global
temperature increases, implying increase in total precipitation, in the number of
wet days and days with extreme precipitation, as well as revealed an area
dependence of the changes. These conclusions were further specified in the study
by Mearns et al. (1995). Investigations of 2 x CO, influence conducted with a
regional climate model (RegCM) nested in a GCM indicated the possibility of
significant regional increase in precipitation variability (with or without changes
in median intensity). In vast regions there may be larger and more significant
changes in variability rather than in medians. The possibility of detectable
alterations in precipitation variability with no and/or imperceptible changes in its
mean characteristics hints the necessity to include the higher order moments in
precipitation change assessments.

In present work we analyze 100-150 years long surface air temperature
(SAT) and precipitation time series from the territory of Hungary in order to
better understand the pattern of their variability variations. This work can
contribute to a few previous investigations of climatic variability and somewhat
complete still insufficient information on the regional variability changes.

2. Data

To investigate the patterns of variability, we used the gridded time series of SAT
anomalies and precipitation for the territory of Hungary. Gridded data accumulate
the effects of individual stations. These time series appear more smoothed, thus,
the range of variability variations may be more narrow, than in the measured
data, and the “explosions” of variability resulting from the local extreme events
may be missed. On the other hand, general trends revealed by these data are of
the area importance, and can serve for verification of variability trends obtained
from original station data. Traditionally, long-term climatic data in Europe have
consisted of monthly mean values. Such scale of aggregation is more suitable for the
regional investigation. As it was mentioned by Yan et al. (2001), at the shorter time
scale, e.g., daily, variability is quite local in character. This makes it relatively
sensitive to any changes in local conditions, thus, it may serve as a good indicator
of inhomogeneity in climatic series, rather than the real variability changes.
Data sets of SAT anomalies and precipitation were provided by the Climate
Research Unit, University of East Anglia, Norwich UK (www.cru.uea.ac.uk).
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The SAT data is a combination of land air temperature anomalies (Jones, 1994)
and sea surface temperature anomalies (Parker et al., 1995) on a 5° x 5° grid-box
basis. This size is as best as possible merging the effect of the temperature
gradients and data availability. The merging of the two datasets is discussed in
Parker et al. (1994). Both components of the dataset are expressed as anomalies
from 1961-90. The monthly data from the grid-box 45-50°N, 15-20°E embracing
the period of 1856-1998 were used for the calculations. All stations were actively
assessed for the homogeneity. Some of these corrections are site specific relating
to moves of the instruments and exposure changes (one of the important errors
is connected to urbanization effect around the sites), and some are nationally
specific arising from observation time and methods used to calculate monthly
means. The elaboration of the homogenized long-term climate data for Hungary
was performed by Szentimrey (1997, 1999; see also http://omsz.met.hu/
ismeretterjesztes/rendezvenyek/rendezveny hu.html).

The most informative homogenized precipitation series for the 20th century
are presented by Hulme et al. (1998) (see also updated version on
www.cru.uea.ac.uk) as land precipitation amounts from 1900 to 1998, gridded
at 2.5° latitude by 3.75° longitude resolution. Because of stronger spatial
variability of the precipitation, a smaller box size would be preferable. The
present size is stipulated by the data availability. The grid box with the center at
47.5°N, 18.75°E was used for calculations. The station data were corrected to
exclude gauge biases due to changing place and gauge design. Data have been
also subjected to additional homogeneity procedure reported by Hulme (1992).
For example, they were screened for gross outliers and typographical errors.
Both time series are presented in Figs. I and 2 (top), respectively.

Temperature anomalies record contains definite linear warming trend of
0.65+0.11 K/100 yr (Fig. 1). The amount of the 20th century warming is
comparable with the values of 0.3-0.6 K/100 yr obtained for the global
warming trend (Nicholls et al., 1996; Hansen et al., 2001). In order to
perform seasonal analyses, original monthly temperature anomalies were
stratified into four commonly defined seasons. Linear trends for the
seasonalized data are shown in Table I. Obtained slopes indicate far the
largest warming in the winter season. Warming trends in spring and autumn
are approx. two times lower than in winter, while the summer warming is
very light. Such distribution indicates that the warming process happens
through the loss of the coldest part of the year. The monthly precipitation
contains a general decreasing linear trend of -5.9+2.7 mm/100 yr (possibility
of slightly drier conditions in future) existing at least from the beginning of
the 20th century (Fig. 2). Decreasing trend is observable for all seasons,
though, very slightly in summer. However, neither of these trends is
statistically significant (Table I).
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3. Temperature and precipitation variability

The measure of variability used in the present study is based on the work by Karl
et al. (1995).and is defined by the absolute value of the difference in precipitation
between two adjacent periods of time. For the time series of 7', T,, T3, ..., T, ...
the measure of variability AT, (N-point change) is defined as the absolute
difference between the average of a sequence of measured values for N points
that begins at point i and the average for the N-point long sequence beginning at
point (i +N-k)

AT, =abs(T, -T_,), )
where
= 1t % = 1 i+2/§k—l - "
= fokiy m* 2)
N m=i . N m=i+N—k

For the time lag £ > 0 there are partly overlapping running differences. The
method above is free of some disadvantages of more conventional methods, such
as the standard deviation, thus, e.g., prevents a confounding of high- and low-
frequency variability (Karl et al., 1995). Similarly to other measures of
variability, N-point change characterizes the range of climatic variations. Low
variability value means approx. the same conditions in the next time interval as
in the previous one, while high variability corresponds to significant differences
between the neighboring intervals. For example, high value of monthly
precipitation variability means that, e.g., a dry month was immediately followed
by an extremely wet month.

The measure of variability was calculated successively for the whole time
series to obtain variability measure. The value of N was chosen as one,
corresponding to the monthly averaging intervals. Figs. I and 2 (bottom) show
the monthly variability curves for the SAT anomalies and precipitation,
respectively. As it can be seen, climate warming during the 20th century has been
accompanied by the reduction in monthly variability, predicted by the most of
GCMs. Time series of SAT variability exhibits general decreasing trend of
-0.20+0.06 K/100 yr that implies approx. 15% present decrease in SAT
variability in comparison with the beginning of the 20th century. Observed
decrease in temperature variability can be explained by the more rapid winter
warming in comparison with the summer period. While the summer period shows
practically no long-term warming trend, the winter warming is approx. two times
higher than the estimated global value. A larger increase in the winter
temperatures than in the summer temperatures results in a substantial decline in
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the annual temperature range (difference between summer and winter
temperatures), thus, in the corresponding decrease in variability. An analysis of
variability trends for different seasons shows, that the SAT variability decreases
during the warmest part of the year from spring to autumn and is insignificant in
the winter season (7able 1).

1850 1900 1950 2000

! 1 1 I | 1 1 L I | ! 1 1 1

_| 45-50" N, 15-20°E

=
=
=
E

Temperature anomalies (K)

-10 T T T T T T T T T T T T T T

™
N
|

Variability (K)
4 J L
£
g
e
=
-
-
o I T

1850 1900 1950 2000
Year

Fig. 1. Top: Time series of monthly SAT anomalies for the historical data set grid box

centered at 47.5°N, 17.5°E (Jones, 1994). Bottom: Variability pattern for monthly SAT

series. Low frequency changes are highlighted by a Gaussian filter corresponding roughly
to 4-year moving averages. Thick lines represent the linear trends.
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Time series of precipitation variability (Fig. 2, bottom) exhibits general increasing
trend of 5.14+0.9 mm/100 yr. The variability of precipitation increases for all
seasons, but most rapidly in the summer period (Table I). This hints at more
variable summer precipitation in the future, and because of existing strong
coupling of extreme and monthly precipitation, when the wettest day of the month
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Fig. 2. Top: Time series of monthly precipitation for the historical monthly precipitation

data set grid box centered at 47.5°N, 18.75°E (Hulme et al., 1998). Bottom: Variability

pattern for monthly precipitation. A Gaussian filter corresponding roughly to 4-year
moving averages highlights low frequency changes.
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contributes considerably to the total sum (see e.g., Heino et al., 1999), at
increasing probability of precipitation extremes in the summer period. Similar
intensification of the hydrological cycle was obtained in several early works. Karl
et al. (1995) analyzed daily precipitation data from the U.S. for the period 1910-
1996, and found approx. 10% increase in annual precipitation, that occurred in
most cases, because of a greater number of rainy days, with the greatest
contribution arising from an increase in the number of extreme precipitation
events, indicating an increased precipitation variability. The most recent
investigations of precipitation trends in the 20th century by New et al. (2001)
based on the gridded data sets revealed secular increasing trends in different
domains, e.g., 8.9 and 41.6 mm/100 yr for global data set and in the mid-
latitudes (40-60°N) of the Northern Hemisphere, respectively, in many regions
accompanied by the increase of the wet spells frequency. They concluded that
over much of the global land area (including also Europe) there was an increase
in the intensity of precipitation events on the scales from 1 day to 3 months.

Table 1. Linear trends in monthly SAT anomalies (1856-1998) and precipitation
(1900-1998) and their variability. (Trends are given in K/yr for SAT anomalies and/or
for their variability and in mm/yr for precipitation and its variability, respectively.)

Period Winter Spring Summer Autumn Year
SAT 0.0134+0.003 0.006+0.002 0.002+0.002 0.005+0.002 0.006+0.001
SAT 0.0001 + -0.0034 + -0.0030+ -0.0020+ -0.0020 +
variability 0.0012 0.0015 0.0012 0.0017 0.0006

Precipitation  -0.0384+0.041 -0.098+0.049 -0.018+0.054 -0.083+0.061 -0.059+0.027

Precipitation  0.020+0.012  0.028+0.013  0.107+0.022  0.019+0.019  0.051+0.009
variability

Variability calculations above were completed by spectral analysis.
Traditional Fourier analysis picks up signals changing in both frequency and
time, features that are more closely related to real patterns of climate change.
While the monthly precipitation itself does not possess any significant periodicity
except for the ordinary 1 and 1/2 year waves (see results of the spectral analysis
of precipitation time series; Fig. 3, top), the variability pattern exhibits definite
quasi-cyclicity. Part of these oscillations can be attributed to the large scale
forcing mechanisms, such as the NAO and AO (Bodri et al., 2004). “Explosions”
of variability generally coincide with the enhanced monthly precipitation; thus,
imply an increased risk of extreme precipitation. However, in the present case an
observed quasi-cyclicity does not contain any predictive possibility. As it can be
seen in Fig. 3 (bottom), the power spectrum of precipitation variability obeys a
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power law form over a given frequency range of E(f)~f"’, where f is the
frequency, characteristic for the scale invariant (fractal) behavior. Spectral
exponent b equals to -1.97+0.08, thus, practically coincides with 2. Series with
b = 2 represent ordinary Brownian noise, which is known as a purely random
process. Thus, the observed cycles are quite far from periodic; for example, they
cannot be extrapolated as the sample lengthens, cannot be related to the temporal
periodicity of the precipitation forming process, etc.
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Fig. 3. Top: Power spectrum of the precipitation time series. The values are relative: the

frequencies are normalized to the lowest frequency in the spectrum, the power spectral

density to that at the lowest frequency. Bottom: Power spectrum of the precipitation
variability time series.
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4. Conclusions

As it was shown in several works, the quantities that are to be used to describe
climate change scenarios are not only the mean characteristics of the climate but
also higher order statistical moments, such as variability. The study of climate
variability gives a more comprehensive summary of climate than conventional
climate averages. Results of variability-related studies have many practical
applications, since the impact of the variability changes on the environmental and
associated socio-economic systems may be more perceptible than the slow
changes in the mean characteristics. The investigations of variability, likewise the
investigation of general trends, can be further used for the validation of the
simulated models for various scenarios of greenhouse-gas emission and land use.
The GCMs, that have been applied to the problem of the effect of increasing CO,
levels combined with aerosol increases, predict not only global increase of
surface air temperature, but also changes in the precipitation rate, however, they
do not give an unequivocal picture of how the higher moments might be expected
to change. Variability changes, especially, the changes in the hydrological cycle,
are likely depending on the investigated spatial domain. In present work, two
climatic data sets were collected for Hungary in order to characterize the
variability of temperature and precipitation over the period of historical records.
Analyses presented in this work lead to the following conclusions.

e  Since the middle of the 19th century, monthly SAT temperatures in Hungary
have warmed by 0.9°C (in comparison with the 0.3-0.6°C global value;
Nicholls et al., 1996; Hansen et al., 2001). Simultaneously, the temperature
variability decreased by approx. 15%. The decrease in temperature
variability occurred due to the fact, that on a seasonal basis, the bulk of the
warming in Hungary has taken place in the colder periods of the year (fall-
spring); only very light warming was observed in summer.

e  On monthly scale, precipitation slightly decreased over the 20th century. For
the same period there was approx. 20% increase in precipitation variability,
which occurred because of the less rapid decrease in the summer
precipitation amounts, than in the winter amounts. On seasonal scale,
variability increase is far more pronounced in summer. If this tendency will
further continue, the summer may become far more variable season than the
rest of the year, including the possibility of heavy precipitation extremes and
increased risk of summer floods. It should be mentioned, however, that the
situation in Hungary is far less marginal, than in some other regions of
Europe. Fig. 4 shows time series of monthly precipitation together with the
calculated variability pattern for the grid box with the center at 50°N and
15°E, which coincides approximately with the position of Prague (the Czech
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Republic). Variability shows general increasing trend of 6.0+0.3 mm/100 yr
since at least the beginning of the 20th century. Except for this general
increasing trend, the range of variability variations also increased
significantly, that can be attributed to the more rapid growth of the
variability maxima than the minimum values (14.8 and 4.2 mm/100 yr,
respectively). Rapid growth of variability maxima implies the corresponding
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Fig. 4. Top: Time series of monthly precipitation for the historical monthly precipitation
data set grid box centered at SO°N, 15°E (Hulme et al., 1998). Bottom: Variability pattern
for monthly precipitation.
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increase of occurrence and intensity of extreme precipitation events. The
oscillations of variability have become more pronounced after the year 1950.
At least for the last 50 years, interdependence between extreme
precipitations, increased range of precipitation variability, and the summer
floods at the river Vltava can be traced (e.g., events of Julies 1954, 1981
and 1997; Kakos, 1997; as well as the recent floods of August 2002). On the
contrary, with the precipitation record from the Czech Republic, the range
of precipitation variability oscillations in Hungary even somewhat decreased
for the last 50 years.

e  As with many other areas of the world, the findings of the present study are

broadly consistent with the projections made by 2 x CO, models of global
warming.
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