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Abstract—This paper presents the results of an objective analysis, which deals with
thunderstorm-climatology. The aim of this study is twofold: firstly, to describe the space
and time distribution of severe thunderstorms in Hungary using radar data in the five-year
period of 2003-2007, and secondly, to analyze the relationship between severe
thunderstorms and macrosynoptic circulation types. We have applied Péczely’s (1957)
synoptic circulation types. The core of the examination is the modified TITAN
(Thunderstorm Identification, Tracking, Analysis, and Nowcasting)-method (Dixon and
Wiener, 1993), where thunderstorms are represented with ellipses (thunderstorm-
ellipses). Severe and highly severe thunderstorm-ellipses and stormy days are defined.
Most of the severe and highly severe stormy days were associated with typical synoptic
situations: prefrontal warm sectors of active cyclones, cold fronts, and anticyclone edges.
The detected thunderstorm-ellipses had maxima in the south-west, north, and east parts of
Hungary. The results of this examination may be important for forecasting severe
thunderstorms, so damage and loss can be reduced.

Key-words: thunderstorms, radar, TITAN-method, climatology, Hungary, Péczely-
classification

1. Introduction

The information society of today has a growing demand for weather forecasts;
interest in the examination of severe thunderstorms has grown rapidly. The
climatological aspects of these phenomena have become more common
worldwide. In these studies, we have used visual observations and
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measurements (Manohar and Kesarkar, 2003), satellite images (Banta and
Schaaf, 1987), lightning tracking systems (Watson et al., 1994; Shwehdi, 2005),
soundings (Craven and Brooks, 2004), weather and climate models (Ziegler et
al., 1997; Schdir et al., 1999), and meteorological radar data. In this study, an
approach based on radar data has been presented.

Radar data-based thunderstorm climatology studies appeared for the first
time in the USA in the 1950s (Braham, 1958). These investigations refer to
different regions of the United States (Myers, 1964; Kuo and Orville, 1972,
Henz, 1974; Falconer, 1984; Crofi and Shulman, 1989; Geerts, 1997; MacKeen
and Zhang, 1999). Nevertheless, in recent decades there have also been studies
referring to South America (Paiva Pereira and Rutledge, 2003), Canada
(Brimelow et al., 2004), Australia (Steiner and Houze, 1996), and Europe
(Jaeneke, 2001; Rigo and Liasat, 2002).

The first study in Hungary considering thunderstorms from a climatological
point of view was carried out by Héjas (1898; 1909) and Raum (1910). Héjas
examined the relationship between atmospheric pressure systems and the
distribution in space of thunderstorms. This investigation is based on visual
observations and measurements. Many studies dealing with different aspects of
thunderstorm climatology appeared in the 1960s (Addmy and Mahr, 1963;
Ozorai, 1965; Gotz and Pdpainé, 1966, 1967). Gotz and Papainé examined the
distribution of thunderstorms in both the summer and winter seasons using data
from a 10-year period. All these studies used data obtained by visual
observations. In recent years, there have also been studies (Horvath and Geresdi,
2000; Bodolainé and Tdnczer, 2005; Horvath et al., 2007), which consider
thunderstorms from dynamical and synoptical points of view. In these
Hungarian studies, there were no radar data-based analyses.

The aim of this study is twofold: firstly, to describe the space/time
distribution of severe thunderstorms in Hungary using radar data in the 5-year
period of 2003-2007, and secondly, to analyze the relationship between severe
thunderstorms and synoptic circulation patterns. Péczely’s (1957) classification
for synoptic patterns has been applied. The analysis reveals which locations are
most endangered by thunderstorms and which synoptic patterns are beneficial to
severe convective weather. In the first part of the study radar measurements and
the localization method (TITAN-method) of thunderstorms are described. The
TITAN-method was applied to detect severe and highly severe thunderstorms
and their space/time distribution. The relationship was made between Péczely
synoptic classes and objectively detected severe thunderstorms.

2. Methodology
2.1. Radar measurements

We used the radar network of the Hungarian Meteorological Service (HMS).
Hungary is covered by three radars: the western, the central, and the eastern



radar. In 2003 only two radars provided observations: the western MRL-5 type,
in Szentgotthard-Farkasfa and the central Doppler type in Budapest-
Pestszentlorinc. The eastern, which is located in Nyiregyhaza-Napkor, was not
in continuous operation because of modernization work being carried out,
therefore, there was no reliable information from the north-castern parts of
Hungary in this year. In 2004-2007 Doppler radar measurements covered the
whole region (the western radar also changed to Doppler instrumentation and
was moved to Poganyvar). All 3 radars operate on the C band (5 cm).

In this study only Doppler radar reflectivity was used. During the
measurement procedure the Doppler wind was also applied for noise filtering
and quality upgrading, and the composite fields resulted from the upgraded,
filtered and smoothed data from the 3 radars. Composite image resolution is
2kmx2 km in space and 15 minutes in time. To additionally reduce
measurement noise, the median-filter method was also used before beginning
the analysis.

2.2. The core of the methodology: The modified TITAN-method

TITAN-method was developed by Dixon and Wiener (1993). In this study we
used the first part of this system: the thunderstorm identification. Using the
method, irregular-shaped thunderstorms can be characterized by regular ellipses.
The main point of identification is as follows: the parameters of the ellipses are
determined by the covariance matrix of the isolated, irregular-shaped cluster on
the image using the condition that the area of the cluster has to be equal to the
area of the ellipse. The center of a cluster is defined by

where x and y indicate the longitude and latitude of the relevant pixels (pixels
which have reflectivity higher than a threshold value). The covariance of the
cluster is

d e]

A=covy, =L f| ; (2)

where d is the deviation from the center of the x coordinate
1 < 2
d=c=3 (%=X} 3)
i=1

£ 1is the deviation from the center of the y coordinate
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The parameters of the ellipse can be estimated by calculating the eigenvector
and eigenvalue of this covariance matrix. These parameters are as follows: the
coordinates of the center, the length of the minor and the major axes, and the
orientation angle (the angle between the major axis and the x axis). With these
parameters, the focus points and the equation of the ellipse can be easily
determined, and so the ellipse can be visualized (Fig. /).

Fig. 1. Characteristics of the thunderstorm-ellipse: x and y are the coordinates of the
centre, a is the half of the major axis, b is the half of the minor axis, £/ and F2 are the
focus points, @ is the orientation angle.

These “estimated ellipses™ are called thunderstorm-ellipses. In carrying out
the analysis, the noises were reduced. Two types of thresholds: the area
(Npiniimiz) and the value threshold (P,mi;) are defined. The area threshold
determines the minimum arca of a cluster. In our examination N,,jimi 18 set to be
5 radar pixels (20 km®). The value threshold specifies that the values of all the
individual pixels of the cluster (in our case 5 pixels) have to reach this limit. In
our examination P, 18 set to 45 (so-called severe thunderstorm-ellipses) or
50 dBZ (so-called highly severe thunderstorm-ellipses). Using these thresholds,
small and weak objects are eliminated. Fig. 2 shows the ellipses. The original
radar image is presented in Fig. 2a for May 18, 2005, 14:45 UTC, while the
thunderstorm-ellipses are presented in Fig. 2b, where Numi 18 5 radar pixels
(20 kmz) and P,;imic 18 45 dBZ. In this case two isolated convective systems
went through Hungary. These systems produced numerous serious convective



phenomena: for example a supercell near Lake Balaton (to the west of the
Danube) and near Hortobagy. The latter caused a tornado not far from
Hosszpalyi (Horvath, 2005).

Fig. 2. Radar echo pictures of the thunderstorms observed on May 18, 2005, 14:45 UTC.
Left: original picture, right: picture where thunderstorms are represented by ellipses.

3. Results
3.1. Severe and highly severe stormy days and thunderstorm seasons

A day is denoted as a severe or a highly severe stormy day when at least one
detected severe (P,iimi: =45 dBZ) or highly severe (P,inimi = 50 dBZ) thunder-
storm ellipse can be found on radar images, and at least one thunderstorm was
visually observed by the Hungarian synoptic station network. Visual
observations were taken from the Iddjardsi Napijelentés (2003—2007) of the
Hungarian Meteorological Service. Using these data the time distribution of
stormy days (Fig. 3) can be determined, and the number of these days can be
counted for each year (Table 1).

The most severe stormy days were in 2006, while the most highly severe
days occurred in 2007. Note that in 2007, the last three months (October,
November, and December) were not processed, therefore, this short period is not
presented. 2003 is also shown, but this year is not representative because of the
missing reliable radar measurements in the eastern parts of Hungary. From Fig. 3
it is obvious that in 2003 and 2005 severc and highly severe stormy days
appeared mostly in July. In 2004 and 2007, severe and highly severe stormy
days appeared mostly in June, while in 2006 these days occurred mostly in
August. It is obvious that most severe and highly severe stormy days and
thunderstorm-ellipses appeared between April and September, therefore this
period is denoted as a thunderstorm season.
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Fig. 3. Annual course of (up) severe and (down) highly severe stormy days in the years
2003, 2004 2005, 2006, and 2007. Note that in 2007 only the 9-month period from
January to September was processed.

Table 1. Number of the severe and highly severe stormy days in the years 2003-2007

Number of severe Number of highly severe
Years stormy days stormy days
(Printimic = 45 dBz) (Puiintimir = 50 dBz)
2003 78 61
2004 92 65
2005 93 59
2006 106 72

2007 103 91




3.2. Spatial distribution of thunderstorm ellipses

The spatial distribution of thunderstorms is analyzed by constructing
thunderstorm statistic maps. The maps show the spatial distribution of severe
and highly severe thunderstorm ellipses. Note that these calculated values are
not equal to the number of the thunderstorms (they are proportional to it,
however), because a severe thunderstorm may occur on subsequent radar
images. Thunderstorm statistic maps were made for all of the five years from
2003 to 2007 by using the abovementioned different pixel limits (P,imi; =45 or
Priniimiz = 50) for Hungary. The maps were made only for the thunderstorm
season period. (In the winter period, there were only a few thunderstorm-ellipses
and the measurement noises were high.)
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Fig. 4. Spatial distribution of severe (at least 45 dBZ) thunderstorm-ellipses in the
thunderstorm season of (a) 2004, (b) 2005, (c) 2006, and (d) 2007. The resolution is
30 km x 30 km. These images were visualized by the HAWK system (Hungarian
Advanced Workstation).

In 2003, the maxima of severe or highly severe thunderstorms were in the
middle parts of Hungary and in the western-central regions to the west of the
Danube (not shown). In 2004 the area density maximum is located in the east,
north-cast part of Hungary. Less severe thunderstorms occurred to the west of
the Danube or in the southern regions of the country (Figs. 4a and 5a). In 2005
most of the severe and highly severe thunderstorm-ellipses were located in the



south-west and north-east regions of Hungary, while only a few severe
convective objects appeared in the north-west, central, and south-east parts of
the country (Figs. 4b and 5b). In 2006 the maxima were in the central-northern
parts of Hungary, while less severe and highly severe thunderstorm-ellipses
occurred to the west of the Danube (especially in the north-western parts) and in
the southern regions (Figs. 4c¢ and 5¢). In 2007 most of the severe and highly
severe thunderstorm-ellipses were located in the central-eastern and south-
western regions of Hungary (Figs. 4d and 5d).

=

Fig. 5. Spatial distribution of severe (at least 50 dBZ) thunderstorm-ellipses in the
thunderstorm season of (a) 2004, (b) 2005, (c¢) 2006, and (d) 2007. The resolution is
30 kmx 30 km. These images were visualized by the HAWK system (Hungarian
Advanced Workstation).

3.3. Frequency distribution of severe and highly severe stormy days according
to Péczely’s synoptic circulation types

The relation between stormy days and the synoptic patterns were analyzed by
investigating the frequency distribution of severe and highly severe stormy days
according to Péczely’s (1957) synoptic circulation types. The Péczely
classification was created to describe the weather patterns especially for Central
Europe. Synoptic circulation types were diagnosed from the maps of the
published daily weather reports.



Severe and highly severe stormy days in all the years appeared most
frequently in the circulation types 4, 1, 6, and 9. Type 11 was quite frequent in
2004 and the type 13 appeared more frequently in 2005. The frequency of
appearance of the other types was much smaller (Fig. 7). In the circulation type
4, Hungary is in advance of the cold front or in the warm sector (so called pre-
frontal situation), which belongs to western/northern cyclones. The type 6 also
represents a pre-frontal situation, but in this case the cold front belongs to a
Mediterranean cyclone. The type 1 represents situations when the weather of the
Carpathian Basin is controlled by a cold front which belongs to a northern
cyclone. Type 9 is associated with a western anticyclone, when Hungary is
located on the eastern edge of the anticyclone. Type 11 is associated with an
anticyclone above Scandinavia, when our region is located on the edge of this
anticyclone. On many occasions types 9 and 11 can also be post-frontal, when a
western or northern anticyclone develops behind the cold front. The type 13 is
associated with cyclones/shallow cyclones above the Carpathian Basin.
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Fig. 6. Frequency distribution of (up) severe and (down) highly severe stormy days
according to Péczely’s synoptic circulation types in the years 2003, 2004, 2005, 2006,
and 2007.



3.4. Frequency distribution of the detected thunderstorm-ellipses according to
Péczely’s synoptic circulation types

To determine the frequency distribution, the number of detected thunderstorm-
ellipses of the stormy days has to be counted. Two main groups of severe stormy
days can be defined: days with few and dayvs with many ellipses (the number of
the detected thunderstorm-ellipses does not exceed or does exceed 50). The
frequency distribution of these two different types of severe stormy days is
presented in Fig. 7. In all examined years, severe stormy days with few
thunderstorm-ellipses appeared most frequently in the synoptic circulation types
4, 1, and 9. In one or two years, type 6 (in 2006), type 11 (in 2004 and 2006),
and type 13 (in 2005) were frequent (Fig. 7a). Considering days with many
severe thunderstorms, in 2003 the highest frequency distributions appeared in
the circulation types 1 and 4. In 2004 the types 1 and 4, in 2005 the types 4 and
6, in 2006 the types 4 and 9, and in 2007 the types 1, 4, and 6 possessed the
highest frequency distributions (Fig. 7b).
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Fig. 7. Frequency distribution of severe stormy days with (up) few (the number of
thunderstorm-ellipses does not exceed 50) and (down) many (the number of
thunderstorm-ellipses exceeds 50) thunderstorm-ellipses according to Péczely’s synoptic
circulation types in the years 2003, 2004, 2005, 2006, and 2007.



Analogously to severe stormy days, two main groups of highly severe
stormy days can be defined: days with few and days with many ellipses (the
number of the detected thunderstorm-ellipses does not exceed or does exceed
50) (Fig. 8). Highly severe stormy days with few ellipses appeared most
frequently in the synoptic circulation types 1, 4, and 9. The appearance was also
quite frequent in synoptic circulation types 6 (mainly in 2005), 3 (in 2004 and
2005), and 11 (especially in 2004) (Fig. 8a). Except for the years 2004 and
2005, the most highly severe stormy days with many thunderstorm-ellipses were
caused by the synoptic circulation type 4. In 2004, the type 1 was the most
frequent. In 2005, there were no highly severe stormy days with many ellipses.
Highly severe stormy days with many ellipses appeared also, but with lower
frequency, in the circulation types 2, 3, 5, 6, 9, and 13 (Fig. 8b). Note the high
number of highly severe stormy days in 2007! The type 2 is associated with an
anticyclone above the British Isles, the 3 with cold fronts of a Mediterranean
cyclone, and the 5 with the edge of an eastern anticyclone.
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4. Conclusions

This paper presents the results of an objective analysis which dealt with
thunderstorm-climatology. The aims were to describe the space and time
distribution of severe thunderstorms in Hungary and analyze the relationship
between severe thunderstorms and synoptic circulation patterns for the five-year
period 2003-2007.

The main results of the examination are as follows:

e The time distribution of stormy days was slightly different in each year.
In 2004 and 2007 the stormiest days appeared in June, in 2003 and 2005
July had the stormiest days, while in 2006 August was the stormiest
month. In the examined period, 2007 had the highest number of highly
severe stormy days.

e Maxima of severe or highly severe thunderstorms/thunderstorm-ellipses
were located in the south-western, in the northern central, and in the
north-eastern parts of Hungary. The territory least at risk is the north-
western region of the country.

e Most of the severe and highly severe stormy days and detected
thunderstorms-ellipses are associated with various types of cold fronts and
anticyclone-edges (Péczely-types 4, 1, 9, and 6 in order of frequency).

e The most dangerous situation of highly severe stormy days with many
ellipses can be clearly linked to the type 4, which represents an open
warm sector of an active cyclone.

In the future, this objective examination can be carried out for a longer
period, since radar-measurements began in Hungary in the 1990s. Note that the
radar measurements contain noise (and not all noise could be eliminated during
this research), so in the near future a noise-filtering method should be developed.

Acknowledgements—The authors are grateful for the radar data provided by the Hungarian
Meteorological Service. This research was supported by the Jedlik Anyos Program 2005, identification
number: OM-00103/2005.
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Abstract—In Hungary, an interferometric lightning localization network named SAFIR
HMS was installed in 1998 to follow the total electrical activities of the thunderstorms for
nowcasting purposes. In 2006 the real localization precision of SAFIR HMS was heavily
investigated. In order to find the source of the gap between the promised and the experienced
localization errors, different field measurements and simulation calculations were made.
It was found that the random statistical errors of SAFIR HMS are about 0.5-1 degree, but
the systematic localization errors could reach about 3-7 degrees in several directions
from the detection stations. The badly compensated nonlinearities of the VHF detection
sensors are the main sources of these systematic errors. It was found also, that the
systematic localization errors could be reduced by reanalyzing of the raw detection data
of the SAFIR HMS using the statistical differences of the measured (VHF interferometric)
and calculated (from the positions of the return strokes with TOA method) azimuth data.
In searching the way of the operational and automatic quality control of the SAFIR HMS,
the Flash Backward Calculation (FBC) method have been developed at the Hungarian
Meteorological Service (HMS). Using the raw detection data and the processed flash
data, the FBC can continuously provide different detection activity and quality measures
and detection errors of the SAFIR HMS, which can be fed later into automatic data
assimilation processes.

Key-words: SAFIR, lightning localization, radar and lightning, localization error,
localization accuracy, correction of localization error, reliability, Hungary

1. Introduction

Many experienced problems and investigations have proved that the reliability
and data quality of unmanned and embedded observation system are very
critical. The importance of these is even more emphasized in using the so-called
intensive observing systems to which the lightning localization system belongs.



Diversely from the conventional observing system, the information provided by
intensive observing systems can not be easily proved in real-time, and detection
errors can not be easily recognized because of the nature of data (Dombai,
2006). Lightning data are not continuous meteorological fields. The existence or
the lack of such data depends on the real meteorological situation, but it depends
on detection errors as well. The latter strongly depends on the technical
reliability and the physical state of the observing system.

In 1998 an interferometric lightning localization network named SAFIR
HMS was installed in Hungary to follow the total electrical activities of the
thunderstorms with detecting and localizing the intracloud discharges on VHF
and cloud to ground flashes on LF frequency bands. For long time period the
localization precision of SAFIR HMS was far from the promised values. The
evaluation of the real localization precision of SAFIR HMS was heavily
investigated in 2006. In order to find the source of the gap between the promised
and experienced localization errors, simulation calculations were done to
evaluate the impacts of random statistical and systematic localization errors of
the SAFIR HMS system. It was found that the badly compensated nonlinearities
of detection sensors are the main sources of systematic localization errors, which
could reach at about 3—7 degrees in some directions. The random statistical
errors of SAFIR HMS are about 0.5-1 degree after our field measurements. It
was found also, that the systematic localization errors could be reduced by
reanalyzing the raw detection data of SAFIR HMS after having replaced measured
azimuth data by corrected azimuth data calculated statistically after comparing
the VHF interferometric return stroke positions and the LF TOA — time of
arrivals — return stroke positions of the same flashes. The method of localization
error calculations and reanalyzing of the SAFIR HMS raw data are described in
Section 2.

In searching the way of the operational and automatic quality control of the
SAFIR lightning localization system and the provided data, we have developed
the Flash Backward Calculation method. Using the raw detection data on
flashes arriving from detection station and the processed flash data calculated by
the SAFIR CPS (Central Processing System), the FBC can continuously provide
different activity and quality measurements, detection errors, etc., to be fed into
the automatic processes of data assimilation. The method of FBC is described in
Section 3.

2. Localization errors and reanalyzing of the SAFIR HMS data

Since July 1998 the SAFIR HMS lightning localization system has been
operated on national basis covering about 250,000 km’ with 5 VHF/LF
interferometric direction finder stations (Dombai, 1998). From 2000 the
Hungarian Meteorological Service developed and introduced a forecaster’s
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workstation named HAWK for displaying different kinds of meteorological
information in a unified coordinate system. The SAFIR HMS lightning data
were also integrated into the HAWK display. From that time HAWK has
become the unique displaying tool of lightning data for forecasters. The
experiences gained by forecasters in the past years show that the SAFIR HMS
data could be unreliable even for long time periods. In these periods, in spite of
the fact, that the SAFIR status bars are green, the flashes displayed on HAWK
are spatially very badly correlated with the radar or with the satellite data, and
sometimes they have strange structures, sometimes not real flashes are
displayed, and controversially, there are also severe thunderstorms without any
flashes displayed. These cases make our forecasters uncertain, and they have
very bad opinion about the reliability of the SAFIR HMS data. The joined
display of flash data with radar and satellite data shows very sharply all kind of
detection errors. By 2002 the SAFIR HMS was extended by the data of 2
additional sensors from Slovakia, which were giving more redundancy in the
detection. In spite of this enhanced ability, the detection efficiency and
technical reliability of SAFIR HMS were not enough improved (Dombai,
2004). As a consequence, the continuation of the functioning of the SAFIR
HMS was seriously questioned in 2004. At this time, a special correction
method was developed at the HMS to cut all flashes from the display, which
are located outside of radar structures with values above dBZ — reflectivity
thresholds (F7ilop, 2004) — to avoid the misinterpreting of meteorological
situations and the false recognition of thunderstorms in the objective analyzing
processes.

In 2005 three neighboring countries — Austria, Slovakia, and Hungary —
with an extensive support of Vaisala (SAFIR system provider) started the
FLASH cooperation aiming to have joined localization systems with more
reliability and more precise localization capability on both VHF band — mainly
cloud flashes and LF band — mainly return strokes (Lojou, 2005). After the
evaluation of the first experiences gained on the course of the FLASH in 2005,
two main issues were stated. Firstly, the SAFIR system has not enough tools for
the continuous monitoring of the changes in the detection capabilities of sensors
and all the system. It is typical that forccasters notify the system malfunctions
with missed detection of flashes or situations with some extra detected flashes.
Secondly, there is a big gap between the values of localization errors announced
by the system providers (/7ig. /, left) and the localization errors experienced in
the FLASH time period. Several times big localization errors around 10-20 km
could be seen on HAWK comparing the flash cell positions to radar or satellite
data (Fig. 2, right).



5 SAFIR HMS

Horizontal Accurac

Fig. 1. Localization accuracy calculated by the Vaisala (left) and the localization errors
frequently experienced on the HAWK (right - RADAR and SAFIR HMS data on July 26,
2005). The localization error is about 21-22 km.

2.1. Localization error calculations for the SAFIR HMS

The SAFIR HMS is using the goniometric localization method, which means
that the position of the VHF sources is determined by crossing points of lines
originated from the stations and directed into the measured azimuths. A crossing
point needs two lines from two stations. (In practice we have 5 stations, which
are giving 10 pairs in result. The selection of appropriate pairs is part of the
localization algorithms). The first step in the calculation of the localization error
is the calculation of the localization error distribution of the station pairs.
Considering the geometrical scheme of crossing lines in Fig. 2 and the random
statistical error of azimuth measurements we may assume, that the possible
position of flash will be in the quadrilateral (P, P> P5 Ps) which is determined by
the crossing points of lines originated from stations into the azimuths modified
with mean azimuth errors of stations. The mean error of the localization is
assumed to be the square root of the area of this quadrilateral.

Fig. 2. Geometrical scheme for calculation of the localization error caused by inaccurate
azimuth measurements by the SAFIR system.
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In the calculation of the localization area we use the Heron equations for
(P, P, Ps) triangulation to get the 4, and for (P, P5 Py4) triangulation to get the
A, area values:

Ay = fs(sy —a)(s; —=b)(s; —¢) and Ay =[s5(s; —c)(sy —d)(sy —e). (1)

where
s1=05a+b+c) and s,=0.5(ct+d+e),

a=P,P2, b:P2P3, C:P3P1, d:P3P4, €:P4P1. (2)

The localization crror will be

LE=J4,+ 4, . 3)

To get the spatial distribution of localization errors, we need to calculate the
localization area values for each grid point P = (x, y) of the covered territory.
For the numerical calculation of this we need to know «, b, ¢, d, e values, which
are coming from the coordinates of the crossing points Py, P, P3, Ps. To get
these coordinate values around each grid point, first we have to calculate the
azimuth values of the lines originated from S, and S, stations to the crossing
points Py, P, P3, Py. To calculate these azimuths we need the azimuth of the
grid points, which will be corrected with the azimuth errors daz,, daz, later. The
grid point azimuths, #; and #, will be:

ty =atan(m;)57.3 and t, = atan(m;)57.3, (4)
where

m=y-ys1))/ (x—xs1) and m=Q -ys)/(x —xs). )

The azimuths of the crossing points, 71y, 2, t1, and t,, after correcting with
azimuth errors daz, and daz, will be

ti =t +daz;/2 and from S| to Py and Py  t, =t —daz,/2 from S) to P, and P,
h=h +da23/2 from Sz to P1 and P2 and nh==0b —dazz/2 from Sz to P3 and P4. (6)

Now these azimuth values have to be converted into the rise of curve values, m;,
for calculating the crossing point coordinates:

mj = tan (111 /573), my; = tan (t|2/57.3), my; = tan (t2| /573), my, = tan (tzz /573) (7)

Using these rises of curve values we get the coordinate values for crossing
points Pi(x11, y11), P2 (x21, y21), P3(x22, y22), Pa(x12, Y12)-



X1 = (myxs) —myxsy + yso — vs1)/ (myy —may) and yy = my(xy) —xs1) + ye for Py,
Xp1 = (mypxs) — myxs, tys —,V.S'l)/(”?lz —my;) and Vo1 = mya(x2) — Xs1) + ysi1 for P,
X2 = (My2xs1 — MaXsy + Yo — Ys1)/ (min —ma) and yon = mya(x2n — xs1) + ye for Ps,

X12 = (myxs) — MpXsr + Yo -}’51)/("7“ —my,) and Yi2 =my(x); — Xs1) + ysi for P,

(8)
At last we get a, b, ¢, d, e values using the coordinate values from above:
) )
a= \/(Xll — XY (11 —¥31)” s
&) 2
b= \/(le —x2) " (y21-¥22)" »
2 2
C'Z\/(xzz—xn) 22—y
2 2
d =v(x33 —%12) " (r22 = »12)" >
2 2
e= \/(-’511 —%z) i — Fia) - )

In practice, to avoid the extreme localization errors caused by the very low
azimuth differences between the crossing lines and by the large distances used in
the localization algorithms, limitations are used for these parameters. Fig. 3 shows
the results of azimuth error calculations using the station pair with 160 km base
line, and 1 and 2 azimuth errors. The minimum allowed azimuth difference was
10, and the maximum allowed distance was 260 km.

Azimut-errar: 1.0
Stations km: 160

Azimut-error: 2.0
Stations km: 160

IEM lﬁw

Fig. 3. Structures of localization accuracy of the station pair with 160 km baseline with
azimuth errors 1.0° (left) and 2.0° (right). The maximum distance is 260 km and the
minimum difference is 10° in azimuth from station!l and from station2.

In Fig. 3 we can see that the promised localization accuracy of less than
5 km of the SAFIR HMS can be reached only if the azimuth errors are less than
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1 degree at each station. If the azimuth errors are larger, the localization error
will raise sharply up to 15 km or even more. By analyzing the localization errors
calculated with different azimuth errors and baselines, we get that localization
errors experienced on HAWK could be answered by supposing some 3—7 degrees
variations of azimuth errors, which are far from the expected values.

In order to know the magnitude of the real values of azimuth errors and to
evaluate the random statistical and the systematic part of these errors, several
field measurements and analyses of raw detection data were done at the central
station of the SAFIR HMS, Bugyi. The random statistical part of azimuth errors
was evaluated by using fixed VHF sources and the systematic part by using
azimuth differences between the detected azimuth by the SAFIR HMS and the
calculated azimuth from the GPS coordinates of VHF sources. Fig. 4 shows the
results of field measurements.

FIXED VHF SOURCE DETECTION GPS VHF AZIMUT DIFFERENCES FOR
BY SAFIR HMS SAFIR HMS - BUGYI STATION
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Fig. 4. Results of field measurements for azimuth errors of SAFIR HMS at Bugyi station.
Left: random statistical errors — fix source measured on March 17, 2006, right: systematic
errors — GPS-VHF azimuth differences around the station measured on June 22, 2006.

From Fig. 4 left, we can see that the random statistical part of azimuth error
is close to the promised values. In this case the dispersion is about 0.6 degree.
But from Fig. 4 right, we can see very large values for the systematic azimuth
errors, which are varying from —8 to +5 degrees at Bugyi station. These values
are in similar magnitudes to those found in the simulation calculations.

In the period of FLASH we have got a printed report from the Vaisala on
the analysis of VHF performances of stations, which were made after the
summer period of 2005 (Lojou, 2005). In this report VHF/LF coherence was
calculated for return strokes using VHF interferometric azimuth and calculated
azimuth from LF TOA (time of arrivals) positions. The TOA methods are not
used in operational SAFIR 3000 systems, but these stations provide LF data
with time resolutions suitable for TOA method. If we suppose that VHF and LF
radiations of return strokes are coming from the same positions, then the
azimuth values from LF TOA positions can be used as reference positions of
VHEF sources. Knowing the nature of real flashes it is rather strong hypothesis,
but statistically it also seems to be proved. It needs more investigations, because
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the TOA methods also have specific localization errors (Hidayat and Ishii,
1996). From this report we took the azimuth differences and calculated the
difference curves shown in Fig. 5 using spline interpolations. In Fig. 5 we can
see almost the same behavior of the systematic azimuth errors of SAFIR HMS
as it was measured by us and shown in Fig. 4.

VHF & LF AZIMUT DIFFERENCES FOR SAFIR HMS
SUMMER 2005
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Fig. 5. Azimuth difference curves for all SAFIR HMS stations in the summer period of
2005. (The mean differences in the 0-360 azimuth are calculated between the
interferometric VHF and the TOA LF positions of the same return strokes.)

The evaluation of the impact of the big systematic azimuth errors of
stations is difficult and needs computer analysis. To do this we have developed a
simulation program based on the method described in the previous section. We
used the real geometry of the SAFIR HMS with all station pairs and triangulation
parameters of localization, and we did azimuth corrections at each station with
values of azimuth differences taken from the VAISALA report (Lojou, 2005).
The calculations are going for each grid point of the covered territory with 2 km
resolutions. The results of this simulation are shown in Fig. 6.

The localization errors were calculated with the so-called closer pair and
mean methods. In the closer pair method a location point is calculated using
azimuth values measured by stations, which are at minimum distance from the
grid points. This method is used by the SAFIR HMS central processing. In this
case the station pair indexes are calculated also marking the station pair
providing the given location point. In the mean method a mean location point is
calculated from all possible station pair azimuths. In this case a station pair
number is calculated also, showing the number of pairs used for the mean
position calculation.

Fig. 6 shows that the closer pair method gives much bigger and more
inhomogeneous localization error regions than the mean method. Very big
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variances of this error changing from region to region can be seen on this maps,
and there are very big jumps in these values in nearby regions, where the index
of station pair determines the location point changes. In some regions the
location error is almost zcro, while in other regions these errors exceed 25 km.
The inhomogeneous location error regions and these jumps give answer to the
experienced phenomena of SAFIR HMS location problems. The deformed
asymmetrical location error fields caused by the continuously changing systematic
errors of stations in azimuth can be also seen on the location error maps.

CLOSER PAIR

maxerr km

MEAN

moxerr km

0 e

...su«\ 4 ——

PAIR cloger — maox 1

Fig. 6. Localization errors using the azimuth error curves of the SAFIR HMS stations.
Closer pair — errors calculated with azimuths ‘measured’ by closer stations; pair — indexes
of station pairs used in the closer pair calculation; mean — errors calculated with azimuths
‘measured’ by all of the stations; pairs — number of station pairs used in the mean
calculations.

2.2. Correction of systematic azimuth errors and reanalyzing of the SAFIR
HMS raw data

The fact, that the systematic error can be considered constant in time, gives
possibility to develop a method for compensating its impact on the localization
data of SAFIR. We know that the correct solution is to create exact azimuth
correction tables and load them into stations to compensate the site errors and
the nonlinearity of phase measurements in real time processes. We have
started to do this, but we have long time data series of lightning locations
from which the impact of systematic location errors also needs to be filtered
out. At the HMS we have developed a method for reanalyzing the time series
of the SAFIR HMS raw data. For this reanalysis we used the two main type

23



of archived SAFIR data files. We used the so-called B$ archive files
containing the VHF and LF detection data provided by the SAFIR stations
and the so-called T$ archive files containing data on all localized intracloud
flashes and return strokes.

The main steps of this reanalysis are the followings: By the analysis of B$
raw data files of SAFIR with DAM analyzing tool of Vaisala we can derive the
azimuth difference curves of the VHF and LF locations. Using these curves we
can calculate azimuth correction tables for each station, and using these
correction tables we replace all the reported azimuth values by corrected ones in
the raw SAFIR data files. At last the localization processes will be run again
with the same triangulation but with moditied north alignment values to provide
us the corrected T$ localization data files. The impact of this reanalysis is
illustrated in Fig. 7, which shows a map of the displacements of location points
with directions and distances.

LOCALISATION ERROR VECTORS FOR HUNGARY
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Fig. 7. Displacements of “gridded flash positions’. Results of the simulation of the SAFIR
HMS localization errors using azimuth differences on VHF and LF TOA of the SAFIR
HMS stations.

For the validation of the reanalysis of SAFIR HMS data we have used
jointly displayed radar and SAFIR HMS localization data precisely aligned in
time and space. The time window for the SAFIR HMS data was +5 /-5 minutes
around the time stamps of our national radar composites. The reanalysis has
been done for the most severe thunderstorms in the summer period of 2005.

Fig. 8 clearly shows that the reanalysis gives better correlated SAFIR HMS
data with radar data. The flash cell structure has changed slightly and has been
placed into the radar data covered regions near to the radar cells. This joint
display after the reanalysis shows better correlated SAFIR HMS and radar data
in general for the cases of 18 thunderstorm days of 2005. The reanalysis of the
statistical characteristics of the azimuth differences also shows better
localization accuracy (Table 1).
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Fig. &8 Results of the reanalysis of SAFIR HMS data using azimuth differences curve of
stations — jointly displayed SAFIR HMS location and radar reflectivity data on July 26,
2005 (above) and on August 22, 2005 (below). The original images are on the left, the
reanalyzed ones are on the right. The grid size is 50 km.

Table 1. Statistical characteristics of the differences between VHF and LF TOA
azimuths before and after reanalyzing the raw data of the SAFIR HMS in 2005

Bugyi Sarvar Véménd Zsadany Varbéc

Before reanalyzing

Mean -0.54 4.54 -1.29 -0.53 2/67
Dispersion 1.40 1.72 241 1.29 3.17
Variances 1.97 2.95 5.83 1.66 10.02
Region 4.92 6.33 8.79 5.63 11.60
Minimum -3.52 0.70 -5.98 -3.16 -3.87
Maximum 1.41 7.03 2.81 2.46 Tk
After reanalyzing
Mean -0.16 0.84 -0.37 -0.04 0.10
Dispersion 0.66 0.83 1.10 0.55 0.57
Variances 0.44 0.69 1.2 0.30 0.33
Region 3.16 3.52 4.57 2.81 2.46
Minimum -2.11 -0.70 -2.46 -1.41 -1.05
Maximum 1.05 2.81 2:11 1.41 1.41

The proposed correction method was applied for the correction of SAFIR
HMS data on August 20, 2006. In the evening of this date, a very heavy
thunderstorm was developed and moved through Hungary causing serious
injuries and death at Budapest. Examining the jointly displayed radar and
SAFIR HMS data on the HAWK system we noticed almost 50 km position
errors in the southeast part of Hungary. After analyzing the azimuth differences
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of VHF and LF TOA, we found very big azimuth errors for Zsadany station,
which was caused by a big dephasing of a dipole pair (Fig. 9). After correcting
the azimuth values of each VHF sources in the raw SAFIR HMS BS$ file and
making the processed T$ file with locations from the corrected BS, we
reanalyzed the radar and SAFIR HMS data (Fig. 10).

VHF & LF AZIMUT DIFFERENCES FOR SAFIR HMS
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Fig. 9. Azimuth difference curves for all SAFIR HMS stations in August 2006. (The
mean differences in the 0-360 azimuth were calculated between the interferometric VHF
and the TOA LF positions of the same return strokes.) The azimuth error is very high for
Zsadany station, it is about +/—15 degree.
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Fig. 10. Results of the reanalysis of SAFIR HMS data using azimuth differences curve of
stations — jointly displayed SAFIR HMS location and radar reflectivity data on August
20, 2006, 20:45 UTC (left) and 21:00 UTC (right). The original images are above the
reanalyzed ones are below. The grid size is 50 km. The corrected position error was about
50 km at the southeast part of Hungary.
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Our correction method is a kind of site error correction method, although,
in the focus of the developing was not the compensation of the site dependence
of the propagation of the electromagnetic radiation of the flashes but the
compensation of the systematic errors of the SAFIR HMS interferometric
receivers.

3. Flash backward calculation

The basis of the FBC method is that from the data (time, geographical
coordinates, amplitude, etc) of localized flashes we can derive all the set of the
detection data (awaited detection time, azimuth, detection level, etc.), which
most probably were detected at particular stations. After these calculations we
match the calculated detection data with the real detected data for searching
pairs between localized flashes and their real detection data at each station.
When we have found the origins of localized flashes we mark the real detection
data with MF and the calculated detection data with MD at each station. After
this matching we can compare the backwardly calculated detection data with the
real detected data for all flashes. In Fig. /1 we illustrate this calculation method
for the VHF sensors of SAFIR HMS.
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Fig. 11. Geographical positions of the SAFIR HMS stations, and the illustration of the
FBC method.

In Table 2 and 3 we illustrate the FBC results. The FBC was carried out on
real flash data from T$ file and on real sensor data from B$ file for a
thunderstorm on August 1, 1998. In these tables we show the successfully
matched flashes and detections in a second time period. Columns of Table 2
marked with MD indicate the ordering number of detections and vice versa
columns of Table 3 marked with MF indicate the ordering number of localized
flashes.
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Table 2. Flash data from T$ file and FBC data for each station with MD (matching
number pointing for detections) on August 1, 1998 in the 53,443rd second time period of

the day
Flashes Hargita Sarvar Véménd
No. |subs.| x y |subs.|azm.| dist. | MD | subs. |azm. | dist. | MD | subs. | azm. | dist. |MD
1 820 89.2| 117.4| 824 168 | 1359 2 829 | 206 | 294.1| O 828 | 105 [264.5| 0
2 823189.6| 116.7| 827|169 | 1358 3 832 207 | 2943| O 831 [ 106 [264.2] 1
3 824[90.4| 1189 828 167 | 1376| O 833 | 206 | 295.6| 1 832 | 105 |2663]| 0
4 825|91.1| 121.1| 829 165 | 1394| 4 834 | 204 [ 297.1| O 833 | 105 [268.6] 0
| S | 826|913 120.1] 830) 166 | 139.1 5 835 | 205 | 297.0 0 834 | 105 [268.0] 2
6 |1477] -03[ 1144|1479 63 | 71.8] 7 | 1483 | 188 | 209.1| 0 [1484 | 53 [2193] 0
7 | 1478 | 2.1] 1163|1480 66 74.5| O | 1485 | 187 [ 212.1| O | 1485 54 12219 0
8 14017 94| 129.8]4019| 69 89.8| 11 | 4024 | 180 [ 2244 0 |4024 | 56 [237.1] O
9 |8169]66.7|243.3[8176| 73 [216.9] 13 | 8180 | 143 | 335.0| 0 | 8181 | 63 [363.5] 0
10 | 8997| 71.2| 248.1[9004| 74 [223.2| 14 | 9008 | 142 | 341.6| 2 |9009 | 64 [369.8] 0
11 | 8998 | 71.4| 245.4|9005| 75 [ 2209 0 | 9009 | 144 | 340.0] 0 [9010 | 64 [367.3]| 0
12 19027 9.7| 139.6]9030| 62 99.0| 16 | 9034 | 174 | 229.2| 0 |9035 54 |246.5] 0
Remarks for the columns: subs — detection time in 100 us; x, y — coordinate of flashes in
km; dist — distance to a flash from a station; MD — matching number pointing for a
detection at a station
Table 3. Real sensor data from BS$ file with MF (matching number pointing for flashes)
on August 1, 1998 in the 53,443rd second time period of the day
Hargita Sarvir Véménd
No. subs. | azm. | lev. MF | subs. | azm. | lev. MF | subs. | azm. | lev. MF
1 812 | 153 | 101 0 834 | 182 | 80 3 |82 ] 98 | 77 2
2 824 | 161 95 1 9009 | 134 | 719 10 | 833 | 102 | 92 5
3 827 | 162 | 91 2 0 0 0 0 | 834 | 95 | 82 0
4 828 | 154 | 110 4 0 0 0 0 0 0 0 0
5 829 152 105 5 0 0 0 0 0 0 0 0
6 830 160 95 0 0 0 0 0 0 0 0 0
7 1479 40 101 6 0 0 0 0 0 0 0 0
8 1480 9 87 0 0 0 0 0 0 0 0 0
9 1956 31 84 0 0 0 0 0 0 0 0 0
10 2985 44 76 0 0 0 0 0 0 0 0 0
11 4020 54 82 8 0 0 0 0 0 0 0 0
12 4021 56 83 0 0 0 0 0 0 0 0 0
13 8176 64 Tq 5 0 0 0 0 0 0 0 0
14 9004 64 86 10 0 0 0 0 0 0 0 0
15 9005 69 92 0 0 0 0 0 0 0 0 0
16 9030 49 88 12 0 0 0 0 0 0 0 0
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Remarks for the columns: subs — detection time in 100 us; azm — azimut of detected
flashes; lev — signal level of detection; MF — matching number pointing for localized
flashes

If MD or MF is equal to 0, it indicates that the matching was unsuccessful.
When MD is equal to 0 at a station in 7able 2, it means that the station did not
detect that flash, missed detection. 1f MF is equal to 0 at a station in Table 3, it
means that the station reports without flash, false detection. On the course of



FBC using the MD and MF marks we can calculate the differences between
calculated and really detected parameters of flashes. Differences in azimuth and
timing and relative amplitudes are illustrated in Table 4.

Table 4. Differences between the calculated and detected sensor data with MD (matching
number) on August 1, 1998 in the 53,443rd second time period of the day

Flashes Hargita Sarvar Véménd
No. [subs.| x Yy |subs.|azm.| lev. | MD |subs. | azm. | lev. | MD | subs. | azm. | lev. | MD
1 | 820 189.2|1174| 0 70 2 0 0 0 0 0 0 010
2 | 823 189.6/116.7| 0 710 3 0 0 0 0 | -1 8 0 1
3 | 824 (90.4]1189| 0 0] 0 0] -1 24 0 1 0 0 ]0]O0
4 | 825 |91.1]121.1] 1 11 0 4 0 0 0 0 0 0 0] 0
5 | 826 1913(120.1] 1 14 | 0 5 0 0 0 0 1 3 0 1 2
7 11478] 2.1|1163| 0 010 0 0 0 0 0 0 0 0 O
8 [4017| 9.4|129.8| -1 e [ i 0 0 0 0 0 0 0 | 0
9 18169]66.7(243.3| 0 9] i@ f 313 0 0 0 0 0 0 LV )
10 [8997 [71.2]248.1| 0 10 | 0 | 14 | -1 8 0 2 0 0 0] 0
12 19027 | 9.7]|139:.6| © 13 ] 1@ | 16 0 0 0 0 0 0 010

Remarks for the columns: subs — detection time in 100 us; X, y — coordinate of flashes in
km; azm — azimut of detected flashes; lev — signal level of detection; MD — matching
number pointing for detection at a station

The FBC method provides us not only the differences of measured and
calculated detection parameters for all stations but also the possibility to set up
different quality measurements and their ratings for each station or the whole
system. The important derived parameters are the followings:

Detection ratio — detection number compared to the possible maximum
VHF and LF,

Good detection ratio — proportion of detections associated with flashes at a
station,

False detection ratio — proportion of detections without any flashes at a
station,

Missed detection ratio — proportion of detections associated with flashes
which are missing at a station,

Good station — stations where the good detection ratio is bigger than a
threshold and the false detection ratio is smaller than a
threshold,

Azimuth error — difference between detected and calculated azimuths on a
flash.

In Fig. 12 we can see a thunderstorm event on August 1, 1998. At the top,
on the left the CC flash activity, on the right the station VIF detection activities
are shown, at the bottom, on the left the good detection ratio, on the right the
false detection ratio are shown for each station. We can see that two stations
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were working with good detection ratio about 80% for all the time of the
thunderstorm activity. For other stations this ratio was low, but the distances
were high for those stations. When the false detection ratio is high it shows

some detection level problems or noisy detection for those stations.
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Fig. 12. Quality measurements from FBC results for a severe thunderstorm event on
August 1, 1998.

The FBC can be done in real time and the results (azimuth errors, timing
problems, detection level problems, etc.) could be displayed or sent to the
maintenance team. Also the FBC can be equipped with alarming levels tor
different quality measurements, which could launch some automatic processes
to avoid the long time system malfunctions. We hope that the results of our
work will be implemented into operational practice soon.

4. Conclusions

e  The validation of the real localization accuracy is a very important question
of the functioning of the SAFIR HMS system. Now this accuracy is far
behind the promises, requirements, and possibilities.

e In this paper it was shown that the reanalysis of raw detection data with

corrected azimuth data and the FBC calculation gives possibility to
enhance the localization accuracy and reliability of the SAFIR HMS
system.
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e  This reanalysis can help us only if the azimuth differences of VHF and LF
TOA positions are derived from sufficiently long time series. The use of
short time periods for such reanalysis needs more investigations. It is
important, that during the reanalysis the significant changes and settings of
station parameters (north alignment, Phi0 parameters, etc.) must be
avoided.

e  The results of the repeated coherence tests of the VHF and LF TOA
azimuth on the corrected raw data files show that the azimuth differences
decrease by a magnitude of 2, which means that the azimuth correction
tables derived in this way are better to use than the azimuth correction
tables provided by the SAFIR system providers.

e  The best way to enhance the localization accuracy is to use station and site
specific azimuth correction tables loaded into the stations. To get such
tables, carefully made field measurements of azimuth responses of stations
must be effectuated. We have further plans to carry out such measurements
in the near future by using real time RTK GPS and a VHF signal generator.
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Abstract—Low temperature during the sensitive phenophases of rice (Oryza sativa L.)
can cause spikelet sterility. In Hungary this is one of the main weather and climatic risks
resulting in yield loss. The thermal characteristics and heat balance of flooding water are
very different from that of the air. Therefore, the modifying of water level gives an
effective tool for rice growers to reduce cold stress. To help this and also to improve
weather-rice models it is essential to predict water temperature from standard
meteorological data.

Two empirical models were established based on water temperature measurements in
a representative Hungarian rice field during the reproductive and early ripening stages
from mid-July till the beginning of September in 2006 (model construction) and 2005
(model verification). Both models proved an efficient and accurate tool in simulating
daily minimum, maximum, and average of flooding water temperature. The error in
prediction is negligible from a practical point of view, especially if compared to the large
differences between the extremes of air and water temperature.

Key-words. temperature, flooding water, rice (Oryza sativa L.), empirical model

1. Introduction

Rice (Oryza sativa L.) is grown in Hungary on approximately 2000 hectares
almost totally under flooded conditions. From the 3-4 leaf stages up to the
dough ripening stage continuous water cover is ensured on the field (Simonné,
1983). This is the safest way to avoid sub-optimal water supply, which can
reduce yield more for rice than for any other cereal crops (/nthapan and Fukai,
1988). Additionally, a water layer can act effectively in weed control and in
thermal control of the fields. Rice growers working at high latitudes (Hungary,
North Italy, North Japan, North China, South Australia) consider the water layer
as the most important tool to reduce climatic risk caused by extreme temperature
in the reproductive phenological phase (Polgar, 1961; Wagner, 1957; Simonné,
1979; Confalonieri et al., 2002; Shimono et al., 2005; Gunawardena et al.,
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2001). As specific heat capacity of water is much higher than that of air, diurnal
temperature amplitudes of flooding water are reduced (Wagner, 1966). In the
night the flooding water is usually warmer than the air above it, and the benefit of
deep water can reach 4 to 6 °C in Hungary (Gombos, 2007), 5 °C in Japan
(Shimono et al., 2005) and 3.5 to 7 °C in Australia (Gunawardena et al., 2001).
During the daytime temperature differences with an opposite sign are typical,
which can be as high as 14 °C in some extreme situations (Dingkuhn at al., 1994).

Low temperature in the sensitive phenophases (booting stage, heading,
anthesis) can result in significant yield loss due to spikelet sterility. The degree of
damage is correlated more with water temperature (7w) than with air temperature
(Ta) (Shimono et al., 2005; Roel et al., 2005). The rate of development is also
determined by water temperature until the growing point of rice is under the water
level. Additionally, the temperature of flooding water plays an important role in
temperature-dependent soil biochemical transformations. A micrometeorological
model able to estimate 7w from 7a measured by standard meteorological stations
(Stevenson screen) could significantly improve the accuracy and reliability of rice
simulation models. More research is required to develop models of floodwater
temperature and their incorporation into crop simulation models (Confalonieri et
al., 2005, 2007; Cola et al., 2007; Mariani et al., 2007). Studies of different kind
of water masses provide some theoretical basis and practical information for
modeling the effect of floodwater on microclimate of rice fields. However,
adaptation of models is problematic, especially because of different vegetation
(lack of vegetation, morpho-physiology of the plants), temporary, and spatial
scales (Burba et al., 1999; Jacobs et al., 1997; Gal et al., 2003).

Two types of water temperature modeling approaches can be used, namely
the deterministic (mechanical) and stochastic (statistical) approaches.

Empirical models based on reliable data can give a good prediction of
water temperature, but their weakness is their limited validation. Such models
can be used only under circumstances, which characterize the model
parameterization. Mechanical models are more sophisticated and more general.
They are based on physical equations (energy balance, turbulent transfer
processes), but usually contain more or less empirical submodels.

In Hungarian rice fields the main determinants of floodwater temperature
(i.e., meteorological conditions, canopy development and structure, irrigation
water management) do not show large discrepancies. Therefore, an empirical
model could be appropriate for the estimation of the water temperature of most
rice fields. Our aim was to create such an empirical model, where the easy
availability of input parameters is an important aspect, too.

The importance of such a floodwater temperature model is that it can be built
in weather-rice models (simulation model, cold stress model) and be an effective
tool for rice growers to calculate water temperature for the next 5-10 days using
data of weather forecasts. This information can improve water management,
particularly by highlighting the advantages of modifying the water level.
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2. Materials and methods
2.1. Field measurements

Recently, Hungarian rice production has been concentrated in the south-eastern
part of the country, predominantly in large farms in the Kordés River Region.
Therefore, a rice field of 200 hectares, approximately 1 km distance from the
river Harmas-Kords (46°55°N, 20°32°E) was chosen as the study area. This
territory is representative of the climatic, soil, and technological conditions of
rice growing areas in Hungary. As is common, the field is subdivided into 4 ha
(200 % 200 m) units, where independent floodwater level management is possible.
One of these plots with a stable and relatively high (25-30 cm) floodwater level
with a well developed canopy of cultivar Bioryza supplied the basis for our
measurements.

Temperature measurements were conducted in 2005 and 2006 from mid-
July till the beginning of September during the reproductive and ripening stages
of rice. Thermometers were placed near the centre of the plot to minimize the
edge effect (“oasis-effect”). In 2005 mini waterproof thermologgers (HOBO
Pendant UA-002) registered the water temperature at 5 and 15 cm and the soil
temperature at 5 cm under the soil surface in every 20 minutes. In 2006,
measurements were extended to the top water layer and to different levels of air.
The water temperature at 25 cm and the air temperature at 35, 60, and 85 cm
were measured with a thermologger with 4 external sensors (HOBO U12-006).
The sampling interval was 5, 10, and 20 minutes in the air, water, and soil,
respectively, according to their thermal characteristics.

Data on air temperature at 2 m were measured in a traditional weather
shelter (Stevenson screen) at 1 km distance from the flooded rice fields (HOBO
U12-006). Additionally, an automatic weather station (Vaisala MAWS-301)
near the experiment area (4 km) supplied global radiation, wind, and humidity
data.

A detailed data set from 2006 was used to construct the model, while
verification was carried out with independent meteorological data from 2005.

2.2. The theoretical base and structure of the model
The energy balance of the water surface can be approximated as:
R,+G+H+LE=0, (1

where R, is the net radiation, G is the heat stored in the floodwater and the
subsoil, LE is the latent heat flux, and # is the sensible heat flux (Oke, 1978).
Heat stored in water (G) can be calculated from the change in mean water
temperature:
G=c,d ATw /At, )

35



where (ATw/At) is the time rate of change in mean water temperature, c,, is the
water heat capacity, and d is the water depth.

The flooding water temperature usually reaches its minimum (7w,,;,) in the
morning (%,;,) and its maximum (7w,,,) in the late afternoon hours (#,..), i.e.,
G >0 from t,,;, till t,. and G <0 from f,,, till ¢,; of the next day (Wagner,
1966, Uchijima, 1976; Burba et al., 1999). These natural time intervals with
non-identical length were chosen for the time steps of our model.

The total increase of heat stored in the floodwater during daytime (GT) is
the integral of G from #,,;, to t,.... and the total decrease of heat during nighttime
( Gl) is the integral of G (Eq. (2)) from #,,, to 7,;, on the next day:

GT =¢,d ATi, 3)
Gl =c,d ATd, (4)

where ATi = Twpax — TWiin, ATd = TWyins1 — TWpae, and +1 in index means the
next day.

The warming process during the daytime and cooling at night have
different characteristics. During the daytime, the main driving force of energy
balance is the incoming short wave radiation, and the temperature of flooding
water decreases downwards from the surface resulting in stabile stratification
(Wagner, 1966). At night, the long wave radiative cooling at the surface of the
water body is the main driving force, and the decrease of water temperature in
the top layer increases the water density, which is responsible for the growth of
a mixing layer of uniform temperature and density.

A dynamic model was constructed, where daily A77 and A7d values were
empirically estimated and alternately cumulated during the whole study period.
This process resulted in calculated time series of minimum and maximum water
temperature values. It means, that natural time intervals with non-identical
length — according to the sign of G — were the time steps of our model.

The procedure of calculation is as follows:

1. estimating minimum water temperature of Day,: giving an initial value

of Tu)min. I»

2. calculating daytime increase of water temperature using an empirical

relationship with meteorological parameters (— A47i,),

3. calculating maximum water temperature: 7wy, = IWpinn T ATy,

4. calculating nighttime decrease of 7w using an empirical relationship

(— A4Td,), and

5. calculating minimum water temperature: 7w, i 1 = IWiarn + ATd,,.

The value of n represents the number of day of simulation (n = 1: 1st day, n = N:
final day). Steps from 2 to 5 are to repeat until n = N.

An initial water temperature value 7w, 1 (or 7wy, ) is needed, it have to

be given in Step 1.
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2.3. Description of the empirical algorithm

Our model estimates ATi, and A7d, empirically. Only daily data available from
standard meteorological stations were used in calculation of empirical
relationships. In cases of both ATi, and 47d,, the water temperature was also
used as input to ensure stability of the model due to negative feedback. To do
this “warming force” (WF) and “cooling force” (CF) of the air were checked as
possible input variables, as defined in Egs. (5)—(6).

WFn = Tamax,n — Twlllfll,ll’ (5)
CFH = Tamin,m = Twnm,\',n’ (6)

where 7a,,,., is the daily maximum air temperature (°C) on Day, and Ta,,;, .+, 1S
the daily minimum air temperature (°C) on Day,.;. The physical basis of this
assumption is that the sensible heat flux is a linear function of the temperature
gradient. This means that the difference between the water and air temperature
influences the heat storage term (G) and its integrals (GT and Gl).
Consequently, WF and CF must be in a close linear relationship with A77 and
ATd, respectively. Regression analyses showed that other air temperature
parameters (such as average of different periods within a day) used in terms WF
and CF can not improve the model significantly. Therefore, the best choice is to
involve Ta,,, and Ta,,,, especially because of the easy availability of these data.

The model construction was based on data set from July 20 until August
31, 2006. Water temperature in the medium water level was appropriate to use
in model instead of the average temperature of the whole water layer (see details
in Section 3)

Two models were constructed. Model 1 (M1) is a very simple one
parameter linear regression with input parameters of only WF and CF, i.e., not
more than the knowledge of daily maximum and minimum air temperature is
required. Here A7i and ATd are estimated using the regression equations (Egs.

(7)—(8)):
ATi=10.323 WF+0.73, (7
ATd=0.387 CF—0.12. (®)

Model 2 (M2) was developed by involving additional parameters into M1. The
main criteria for each new input variable were:

e significant improvement (P =0.05) of predicting power of regression,
e availability in standard meteorological data set,

e possibly low correlation with other model parameters,

o simplicity, with clear physical effect on water temperature.
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Correlation analyses, stepwise (forward, interactive) regression analysis with
Systat 9 statistical software, and applying the above criteria resulted in
multilinear regression model:

ATi=0.135 RG +0.133 WF — 0.46, 9)

ATd = 0.282 CF —0.0473 RH + 0.195 w + 3.67, (10)

where RG is the daily sum of global radiation (MJ m °), RH is the daily average
of relative air humidity (%), and w is the daily average wind speed (m s Yat 10 m
height.

As expected, the increase of water temperature during daytime (A77) was in
strongest correlation with RG, but the temperature difference between air and
water (WF) had similar importance.

CF was the most important factor during the cooling period of water. RH is
in negative correlation with A7d: in case of lower RH values, latent heat loss
from water becomes higher. Low RH in daily average usually means strong
radiation and higher air temperature at daytime, and so higher A7d values can
occur because of the increased level of 7w, too.

Wind speed is not a significant factor in the daytime (Eq. (9)), but an
important factor in cooling at night (Eq. (10)). Wind increases both sensible and
latent heat fluxes, but in the daytime the direction of these fluxes is opposite. On
the contrary, at night the direction of sensible and latent heat flux is usually
identical, causing increased heat loss of water layer by windy weather.

2.4. Statistical analyses

The daily water temperature values (mean, minimum, maximum) predicted by
our model were compared with the measured values from the rice field. Four
complementary statistical criteria were used to compare the predicted (7p;) and
observed (7o,) values of daily temperature, n being the number of day:
e Coefficient of determination (CD), which indicates whether the model
reproduces the trend of measured values or not. Values near 1 are optimal.
e The root mean square error (RMSE):

2
e~
RMSE = zu' (an
n

This calculation provides the mean difference between predicted and

measured values, the smaller the RMSE, the better the prediction.
e The modeling efficiency (£F):
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Z(Toi—%)z

(12)

The optimum of this coefficient is 1; if positive, the model is a better
predictor than the average of measured values.
e The coefficient of residual mass (CRM):

Z To,

Positive coefficient values mean model underestimation, optimum value is 0.

(13)

3. Results

The diurnal course of water temperature at different levels and the mean
temperaturc of the whole floodwater layer — the average of August 2006 —
shown in Fig. I. It can be clearly seen that at night (22-06 hours) the
temperature is almost the same in each layer. In the evening the isotermia begins
to develop first in the upper layer, and the mixed isotherm layer expands
downwards. From the morning hours the incoming radiation builds up a well
developed thermal gradient and stabile stratification of the flooding water. The
mean temperature of the water body (calculated from values of the three levels)
is close to the temperature of the medium water level (15 cm). The difference of
their maximum values is only approximately 0.2 °C, and the minimum values
are almost identical. Therefore, temperature of the medium level seems to be
suitable to characterize the whole water layer.

23

Water temperature (°C)

0 2 4 6 8 10 12 14 16 18 20 22 24
Hour of day

Fig. 1. Average diurnal course of the water temperature at different levels and mean
temperature of the whole water layer in August 2006. (Height of the levels are given in
centimeters above the soil surface.)

39



3.1. Model verification

In our models the rates were calculated according to empirical relationships
described in Egs. (7)-(10). A parallel calculation of the rates was done to get the
course of the minimum and maximum water temperature. Additionally, the
averages of minimum and maximum were also determined and included in the
verification as daily mean water temperature (7w,eq,)-

A very good correspondence was found between the simulated and
observed values in 2006, especially in case of Model 2 (Fig. 2). Model 1 (M1)
accounted for 92% and 96% of the variation in minimum and maximum water
temperature, respectively. Model 2 (M2) resulted in significantly better
predictions than M1 with CD = 0.98 both in 7w,;, and Tw,,,. The RMSE
values were reduced to nearly half due to the inclusion of additional input
variables into M1 (Table 1). The model accuracy is evident in M2, looking at
the low values of RMSE, at the values of EF close to one and of CRM very
close to zero. Against the simplicity of M1, it also resulted in prediction with
low error.

Model 1 Model 2
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Fig. 2. Comparison of mcasured and predicted sets of water temperature (minimum,
maximum) in 2006 (left: Model 1, right: Model 2).

In 2005, when the validation was based on independent data set, all of the
fitting indices show that Model 2 has lost its advantage compared to Model 1.
Moreover, in predicting 7w,,,,, M1 became slightly better than M2. Predicting
Tw,. 1s the weakest point of our models: RMSE = 1.31 (M1) and 1.2 (M2).
Almost the same quality of information about mean water temperature is
provided by M1 and M2. However, the statistical parameters proved the success
of both models.
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Table 1. Parameters of model verification

2006 2005
RMSE EF CRM CD RMSE EF CRM CcD
Model 1
Min 0.92 0.90 0.02 0.92 0.83 0.89 0.00 0.91
Max 0.78 0.95 0.01 0.96 1.31 0.81 0.01 0.83
Mean 0.79 0.94 0.01 0.95 0.93 0.87 0.01 0.89
Model 2
Min 0.44 0.98 -0.00 0.98 1.01 0.84 -0.03 0.89
Max 0.43 0.99 -0.00 0.98 1.20 0.84 -0.01 0.85
Mean 0.41 0.98 -0.00 0.98 0.96 0.87 -0.02 0.90
2006 2005
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(verification).
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Fig. 3 clearly shows the improved ability of M2 in 2006 to predict the
water temperature values (7w,ins T™Wiaxs TWnean). M1 overestimated these water
temperature parameters (especially 7w,,;,) by about 2 °C in the hot, sunny days
after an intensive warming period (before August 20). It can be explained by
clear, dry, and windy weather conditions, which were not handled properly by
MI1. The evaporation heat loss due to low RH and high windspeed was not
captured in the model. A slight under-estimation of 7w,,, over a longer period
can originate from an adverse effect.

In 2005 the highest predicting errors were recorded in 7w,,,., during a hot,
dry period, which occurred suddenly after cool days. The models showed a
delayed reaction, then overestimation, similarly to the case in 2006 described
above. The moderate warming period at the end of August 2005 (after DOY
235) was more critical for M2 than for M1. Global radiation, air humidity, and
wind could not effect the water temperature as expected by Model 2. However,
the mean water temperature was persistently lower than the mean air
temperature hinting to circumstances different from typical case. It can be
expected, that in such situations the more stable stratification of water with
higher gradients in the top layer can cause errors in modeling.

4. Conclusions

The thermal characteristics of rice flooding water are very different from that of
the air. Therefore, estimating development rate, cold or heat stress, and yield of
rice directly from air temperature data can lead to misleading results. Both of
our empirical dynamic models proved an efficient and accurate tool in
simulating water temperature. The error in prediction is neglible from a practical
point of view, especially if compared to the large differences between extremes
of air and water temperature. The very simple regression model (Model 1),
which needs only daily maximum and minimum air temperature (from standard
climate station) as input, is an easy tool for growers to use. It makes it possible
to estimate the course of water temperature from the data of weather forecasts,
and the results can directly help to make the right decisions for improved water
management of paddy fields. The more sophisticated Model 2 provided very
accurate predictions in 2006, but did not improve on Model 1 in the independent
test period of 2005. Model 2 is recommended as a part of crop simulation
models.

Our models in their present form are valid for a deep (20-30 cm) flooding
water, and a well developed closed rice canopy under climatic conditions of
Hungarian rice growing areas. In any other conditions (water depth, canopy,
area), a new calibration of model is required.
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Abstract—In this study, four empirical formulae have been established and deduced to
estimate UV-B radiation using sunshine duration, n, in cold and hot seasons at four
stations that measurc global and UV-B solar radiation in Egypt. Another empirical
formula has been also deduced to estimate UV-B radiation in cold and hot seasons, at any
locations in Egypt. The monthly mean UV-B values have been estimated at each station
applying its own formula (UVB) and also applying Egypt’s formula (UVB,,). The
estimated UVB and UVB,, values were compared with the corresponding measured values
at each station. The agreement between measured and estimated values is remarkable.
The percentage errors of UVB at each station, (e), were always found lower than the
corresponding errors of UVB,,, (e,). It was found that the maximum possible error of
estimated values does not exceed 8.0%. The annual mean values of e, ranged from — 0.6
to +3.1, while the annual mean values of e, ranged from —5.7 to +6.8. It is seen that the
Egypt’s formula gives precise estimations for UV-B radiation, and it is recommended for
use at any locations in Egypt.

The UV-B radiation values have been estimated applying the Egypt’s formula at forty
selected stations to study the general distribution of UV-B over Egypt. The results
revealed that the UV-B radiation depends on the latitude over Egypt. The maximum value
of UV-B occurs in June in the southern part of Egypt and ranges from 0.080 to 0.088 MJ
m , while the minimum value occurs in January in the northern part of Egypt and ranges
from 0.020 to 0.044 m ™.

Key-words: global solar radiation, UV-B radiation, sunshine duration; estimation, Egypt

1. Introduction

Ultraviolet solar radiation, UV, either at the edge of the atmosphere or at the
earth’s surface, accounts for only a small fraction of the total radiation flux. In
the outer space, UV radiation accounts for only about 8.73% of the total solar
radiation (Al-Aruri et al., 1988), while at any locations on the earth’s surface,
the UV radiation value depends on the solar zenith angle, atmospheric ozone
content, and transparency of the atmosphere (Kylling et al., 2000; Kirchhoff et
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al., 2002; Luccini et al., 2003). UV radiation wavelength range has been divided
into three sub-ranges: UV-A (400-315 nm), UV-B (315-290 nm), and UV-C
(290-220 nm). The mentioned lower limit of UV-C (220 nm) is valid only when
it is studied in air, but in fact, the wavelength of the shortest wave ultraviolet
beams is shorter than 100 nm. The earth’s surface receives only UV-A and UV-B,
while the UV-C component is removed not only by absorption through the
protective ozone layer (Os;) but also because it provides energy for several
photoionization processes. UV-B is partially absorbed by the ozone layer, while
UV-A is transmitted (McKenzie et al., 1995). The beneficial and damaging
effects of UV-A and UV-B radiations on the humans, ccosystem, animals,
plants, and materials are many (Parrish et al., 1978; Biswas, 1979; Giese, 1982).
High doses of ultraviolet radiation, especially band B, cause skin diseases, eye
cataract, photo-decomposition, degradation of materials, and may also harm
crops (Som, 1992). Inverse relation is known between the ozone concentration in
the atmosphere and the amount of UV reaching the earth’s surface. From this
point of view, the UV radiation is highly affected by the ozone, which is
destroyed by pollutants such as freon refrigerants, spray, and atomic bomb tests
(Elhadidy et al., 1990; Feister and Grasnick, 1992; Tang et al., 1998; Zerefos et
al., 2001; Wuttke et al., 2003; Robaa, 2005).

Although Egypt is a vast country, the number of its meteorological stations
that measure the solar radiation components, especially UV-B radiation, is few
(Fig. 1). Therefore, the main objective of this paper is to establish a simple
model giving precise estimation for UV-B radiation at any locations in Egypt,
where there are no measured data of solar radiation components or there are
instrumental and other difficulties encountered in measuring components of
solar radiation.

31+
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29~
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28
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25-
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Fig. 1. Radiation network stations in Egypt.
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2. Climate of Egypt

Egypt lies in north-east Africa. Most of Egypt’s terrain is desert, divided into two
unequal parts (eastern and western deserts) by the Nile River (Fig. 7). The valley
and delta of the Nile are the main centers of habitation. The climate of Egypt is
characterized by a hot season from March to September and a cold season from
October to February. However, the northern winds are a welcome respite and do a
good job of keeping the temperatures slightly moderated. The country is
characterized by particularly good wind regimes with excellent sites along the
Red Sea and Mediterranean coasts. Sites with an annual average of 8-10 m s
have been identified along the Red Sea coast and about 6.0-6.5 m s ' along the
Mediterranean coast. In the coastal regions, average annual temperatures vary
from a maximum of 37 °C to a minimum of 14 °C. The most humid area is along
the Mediterranean coast, where the average annual rainfall is about 200 mm.
Rainfall decreases rapidly towards the south, and in many desert locations it may
rain only once in several years. Temperatures vary widely in the inland desert
areas, especially in summer, when it may range from 7 °C at night to 43 °C in
daytime. During winter, temperatures in the desert fluctuate less dramatically, but
they can be as low as 0 °C at night and as high as 18 °C in daytime. The average
annual temperature increases moving southward from the Delta in the north to the
Sudanese border in the south, where temperatures are similar to those of the open
deserts. Throughout the Delta and the northern Nile Valley, there are occasional
winter cold spells accompanied by light frost and even snow. In the south part of
Egypt, June temperatures can be as low as 10 °C at night and as high as 41 °C in
daytime, when the sky is clear. The entire territory enjoys a rather high solar
radiation intensity of 1.9-2.6 kWh m? year . Further intensity up to about
2.4KkWhm* year ' is observed when moving from the sea towards the desert.

A phenomenon of Egypt’s climate is the hot spring wind that blows across
the country. The winds, known to Europeans as the sirocco and to Egyptians as
the khamsin, usually arrive in April, but occasionally occur in March and May.
The winds form in small but vigorous low-pressure areas in the Isthmus of Suez
and sweep across the northern coast of Africa. Unobstructed by geographical
features, the winds reach high velocities and carry great quantities of sand and
dust from the deserts. These sandstorms, often accompanied by winds of up to
40 m/s, can make temperature to rise as much as 20 °C in two hours. The winds
blow intermittently and may continue for days, causing illness in people and
animals, harm in crops, and occasionally damages in houses and infrastructure.

3. Measurements

The number of stations that measure the solar radiation components in Egypt is
still few. Measurements of global solar radiation began in 1960 in Egypt at
Tahrir station (see Fig. I and Table I). The ultraviolet radiation has been
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measured in Egypt since 1990 at only two meteorological stations of Cairo in
the north and Aswan in the south using an Eppley radiometer, which is sensitive
to radiation in the wavelength band 290-385 nm (Salem, 2000; Robaa, 2005).
Although, the study of UV-B radiation is very important for the various
scientific purposes, it has been measured in Egypt at only four stations (Fig. /
and Table 1) using the UVB-1 ultraviolet pyranometer. The specifications of the
UVB-1 pyranometer are given in Table 2.

Table 1. Coordinates of the Egyptian radiation network and the radiation components
measured together with the date of commencement of recording

Date of
Station Lat. Long. Alt. Mnaiubenits commencement
(N) (E) (m) G D I S UV UV-B of records
Sidi-Barrani 31.63 25.40 27 M M - M - - 1984
Matruh 3133 2722 38 M M - M - - 1961
El-Arich 31.08 33.82 32 M M - M - - 1980
Rafah 3122 34.20 73 M M M M M M 1994 (2000)
Tahrir 30.65 30.70 16 M M - M - - 1960
Bahtim 30.13 31.25 174 M - - M - - 1969
Cairo 30.08 31.28 36 M M M M M - 1969
Hurghada 27.28 33.75 07 M M - M - M 1990 (1994)
Malawy 27.70 30:75 44 M M - - - - 1994
Asyut 2705 31,02 52 M - - M - - 1979
El-Kharga 2545 30.53 78 M M - M - - 1964
South Valley 26.16 32.70 79 M M - M M M 1994 (2000)
Aswan 2397 32.78 92 M M M M M M 1972 (1998)

The year in brackets indicates the date of commencement of UV-B radiation records. G is
the global solar radiation, D is the diffuse solar radiation, I is the direct solar radiation,
and S is the sunshine duration. M means existence of measurements.

Table 2. The operating characteristics of the UVB-1 pyranometer

Characteristic Description

Spectral response 280 to 320 nm

Cosine response +5% for 0-60 degree solar zenith angle
Sensitivity 1.97 W m * V' of total UV-B irradiance
Response time approximately 0.1 second

The first station is located within the premises of Rafah meteorological
station on the extreme northeast boundary of Egypt. It lies in an open landscape
of reclaimable desert, about 10 km to the south of the Mediterranean Sea coast.
UV-B radiation measurements started at Rafah station in June 2000 and
continued till now. The second station is located within the premises of
Hurghada meteorological station, about 3 km to the west of the Red Sea coast
and 5 kilometers to the north of the town. UV-B radiation measurements started
at Hurghada station in January 1994 and continued only thirty three months to
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finish in September 1996. The third station is located within the premises of
South Valley meteorological station in south Egypt. The measurements of UV-B
radiation started at South Valley station in April 2000 and continued till now.
The last station is located in south Egypt within the premises of Aswan upper air
station, to the west of the Aswan Dam. It is about two kilometers away from the
high Dam Lake. UV-B radiation measurements started at Aswan station in
August 1998 and continued till now (in addition to UV radiation measurements,
which started in 1990). The measuring instruments are fixed on the roof of the
building 7 m above the ground level at the four stations. The global solar
radiation component is also measured at the above four stations using an Eppley
precision spectral pyranometer (Model PSP). The accuracy of the pyaranometers
corresponds to the first class according to the World Meteorological
Organization classification (WMO, 1990). These instruments are calibrated each
year against a reference instrument traceable to the World Radiometric
Reference (WRR) maintained at Davos, Switzerland (see WRC, 1985, 1995).
The absolute accuracy of calibration is +£3-4%, (El-Metwally, 2004). In the
present work, daily values of global and UV-B solar radiation, that were
measured through a three years period (2001-2003) at the stations of Rafah,
South Valley, and Aswan, and through the period of January 1994—April 1996 at
Hurghada station, have been obtained from EMA and used in this study. The
monthly means have been calculated and also used in this study.

4. Results and discussion

4.1. Methods of prediction

Sivkov (1964) proposed the original empirical relation to estimate the monthly
mean global solar radiation at the latitudes from 35° to 65°N in the form:

G =4.9(n)"3" +10550(sin h) ", M

where G and n are the monthly global solar radiation (in cal cm °) and the
monthly sunshine duration, respectively. % is the solar elevation at noon on the
15th day of the month.

Barbaro et al. (1978) modified the above formula to fit 31 Italian stations
that were divided into three zones according to their climatological
characteristics. The modified formula is

G =K(n)'"**(h)~*!° +10550sin(h)*>' +300sin(h)°, @)
where K = 8, 9.5, and 11 for zone 1, zone 2, and zone 3, respectively. The

computation of G is based on the knowledge of the appropriate zone parameter
and long-term averages of sunshine duration and solar elevation.
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Eq. (2), which was proposed for high latitudes (35°-65°N), was tested by
Khogali (1983) for low latitudes (4°-19°N) and has been found applicable with a
good degree of accuracy providing that the parameter K is appropriately adjusted.

Furthermore Robaa (2003) modified the empirical relation Eq. (2) to
estimate global solar radiation in Egypt. In order to improve the obtained results,
for prediction purposes, Robaa (2003) divided Egypt into five regions most
representing the country. The regions are represented by the stations that
measure solar radiation. Table [ gives a list of these stations and their
coordinates in addition to the type of measured radiation at each station and the
date of commencement of records. The year has been also divided into cold
season (from October to February) and hot season (from March to September).
Robaa (2003) determined an appropriate regional parameter, K, for the empirical
relation Eq. (2) for each region during cold and hot seasons. He found that the
modified formula gives precise estimations for global solar radiation at any
Egyptian locations, whereas the percentage error was found ranging from 2.4
to +5.9 and having an annual mean value of 1.06 (Robaa, 2003). Therefore, the
modified formula was recommended for use at any locations in Egypt to
estimate the global solar radiation.

On the other hand, a significant correlation between G and UV radiation
has been found by Robaa (2005) with a correlation coefficient of 0.98, and the
standard error was close to zero. The recommended correlation equation has
been stated to estimate the values of UV radiation, which can be measured with
difficulty at the sites in the zone of Lower Egypt.

Although, the study of UV-B radiation is very important, as mentioned
above, the measurements of UV-B radiation are not available at any locations in
Egypt except of the four stations of Rafah, Hurghada, South Valley, and Aswan
(Fig. 1 and Table I). Therefore, the main objective of this study is subjected to
establish a simple model, which gives precise estimation for UV-B radiation at
any Egyptian locations.

In this way, many types of correlations were tried to find out the best fit
between the UV-B and global radiation at each station using all available daily
measured values of the two parameters through the three years period (2001-2003)
for Rafah, South Valley, and Aswan, and through the three years period (1994—
1996) for Hurghada. On the other hand, all data of both UV-B and global radiations
at the above four stations (3600 records for each parameter) have been used to find
out the best fit between the two parameters for the whole territory of Egypt.

A significant positive correlation between the UV-B and global radiation
has been found with correlation coefficients ranging between 0.9751 for the
whole Egypt and 0.9816 for Aswan, and the standard errors were close to zero
for the four stations and whole Egypt (see Table 3). The results are illustrated by
Figs. 2a-d and they were found in the form:

UVB=aG +b, 3)
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where a and b are the regression coefficients which depend on the atmospheric
conditions of the location. Data have been processed using an advanced
computer program, and the calculated values of a and b for each station and the
whole Egypt are given in Table 3, beside correlation coefficients, standard errors
and the number of used records.
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Table 3. The calculated values of regression coefficients, absolute error and the number
of used records at the four stations

2 Regression coefficients  Correlation Standard Number of
Station

a b coefficient error records
Rafah 0.003307 -0.017168 0.9814 0.00422 936
Hurghada 0.003283 -0.017026 0.9773 0.00473 730
South Valley 0.003298 -0.015453 0.9786 0.00398 993
Aswan 0.003641 -0.021823 0.9816 0.00395 941
Whole Egypt 0.003388 -0.017924 0.9751 0.02997 3600

From Egs. (2) and (3) and Table (3), an empirical formula can be proposed
to calculate UVB at the four stations and the whole Egypt during cold and hot
seasons in the following form:

UVB = c¢;(n)!** (h) ™1 + ¢, sin(h)*! + ¢y sin(h)* + b, 4)

where ¢;= a K, ¢;= 10550 a, and ¢;= 300 a. The calculated values of ¢y, ¢,
¢3, and b for each station and whole Egypt during cold and hot seasons are given
in Table 4. The corresponding values of regional parameter K for each station
and whole Egypt have been taken from Robaa (2003) and given also in Table 4.
¢, values change from the cold to hot season at each station, while ¢», ¢3, and b
take the same values during the two seasons at each station (see Table 4).

Wang and Jianhui (1996) stated that the impact of ozone depletion on UV
radiation at the ground is greater on high latitudes than on middle and low
latitudes. Furthermore, effect of the variability of ozone content is relatively low
in Egypt (the difference between the highest and lowest monthly ozone values is
10.1% during the period of 1978-2004 (Robaa and Hafez, 2006)). Therefore, the
ozone effect could be neglected in the used empirical formulae.

Table 4. Values of regional parameter K and ¢y, ¢, ¢3 for each station and whole Egypt
during cold and hot seasons

Station Season K ¢ c; c3 b

Rafah Sl‘(’)'td :i:g g:gjégg; 3488885 09921  -0.017168
Hurghada Ezltd {‘l‘:g g:gi;ggi 34.63565 09849 -0.017026
%,‘:ﬁ:y ggid :2; 818;'; ‘1“6)}’ 3479390 0.9894  -0.015453
Aswan ﬁgl‘d :Z; 8:823:};: 3841255 1.0923  -0.021823
‘gghyop'f f{‘(’)'ld :gg 8:8‘;32‘1’2 3574340 10164  -0.017924

An empirical formula can be easily deduced for each station and whole Egypt
to calculate the monthly mean values of UVB during cold and hot seasons as follows:
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Rafah’s formula:
UVB = ¢;(n)"**(h) %1% + 34.88885sin(h)*! +0.9921sin(k)® —0.017168, (5)

where ¢; value equals to 0.041007 and 0.048282 for cold and hot seasons,
respectively.

Hurghada’s formula:
UVB = ¢;(n)"** (h) """ +34.63565sin(h)*" + 0.9849sin(h)> —0.017026, (6)

where ¢, value equals to 0.037755 and 0.047604 for cold and hot seasons,
respectively.

South Valley’s formula:
UVB = ¢;(n)"**(h) "% +34.79390sin(h)*>' + 0.9894sin(h)> —0.015453, (7)

where ¢, value equals to 0.047161 and 0.055406 for cold and hot seasons,
respectively.

Aswan’s formula:
UVB = ¢;(n)"**(h) "% +38.41255sin(h)*! +1.0923sin(h)’ - 0.021823, (8

where ¢, value equals to 0.049154 and 0.060077 for cold and hot seasons,
respectively.

Egypt’s formula:
a 1.24 -0.19 . 2.1 : 3
UVB =cy(n) =" (h) +35.74340sin(h)=" +1.0164sin(h)” —0.017924, (9)

where ¢, value to equals 0.043366 and 0.052514 for cold and hot seasons,
respectively.

4.2. Verification of the deduced empirical formulae

To verify the deduced empirical formulae (Egs. (5) to (9)), the monthly mean
values of UVB have been calculated for Rafah, South Valley, and Aswan
stations for the two subsequent years 2004 and 2005, and at Hurghada station for
the two years of 1994 and 1995 in the cold and hot seasons. The calculated
values have been produced for each station using the corresponding measured
values of n and applying its deduced empirical formula to give UVB and the
Egypt’s formula (Eq. (9)) to give UVB,,. The values of UVB,, have been
calculated at each station to test the validity of the Egypt’s formula for
estimating UVB at any locations in Egypt.
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Fig. 3. Cloud amount (in octas) in the hot and cold seasons at the four studied stations
(climatological normal value for the period 1975-2004).

The estimated UVB and UVB,, values at each station were compared with
the corresponding measured values (UVB,,) during the same time period. The
results are listed in 7ables 5 and 6. It can be seen that the estimated values of
UVB and UVB,, at each station are in a good agreement with the measured
values for all months of the year. The percentage errors of UVB at each station,
ey, were always found lower than the corresponding errors of UVB,,, e, (Tables
5 and 0). It was found that the percentage error, e, was ranged from —4.0 to +5.7
and from 3.3 to +4.9 during the two years, respectively, while e, was ranged
from —7.5 to +8.0 and from —7.8 to +7.5 during the two years, respectively. The
annual mean values of e¢; were ranged from —0.6 to +2.9 and from —0.3 to +3.1
during the two years, respectively, while the annual mean values of e, were
ranged from —5.7 to +6.8 and from -5.4 to +5.8 during the two years,
respectively (see Table 7).

[t may be noted that the formula of each station gives precise estimation for
UV-B radiation at its own locality with a small overestimation in the cold season
(November to February) and underestimation in the remaining months. This is
attributed to the higher effect of cloud cover (see Fig. 3) and atmospheric water
vapor content in the cold season than in the hot and remain seasons. The cloud
and atmospheric water vapor content effects are not taken in to the consideration
with respect to the estimation formulae. On the other hand, it is to be noted that
Eq. (9) of the whole Egypt overestimates the UV-B,, radiation all the year at
Rafah and Hurghada, while underestimates it at South Valley and Aswan. This
is because Rafah and Hurghada are coast cities and characterized by highest
cloud cover (Fig. 3) and atmospheric water content during most of the year,
cspecially in the winter secason, while South Valley and Aswan are characterized
by clear atmosphere and stable weather conditions.
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Table 5. Sunshine duration », solar elevation A, in addition to one year (2004) measured UVB,, (MJ m™), estimated UVB (applying the station’s
formula), and UVB,, (applying the Egypt’s formula) values of the monthly mean UV-B radiation (MJ m) and their percentage errors, e; and e;

Station | Parameter Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
n 6.4 8.9 9.1 9.4 11 12.2 11.7 11.6 10.5 51 8.6 6.8
h 37.7 45.6 56.1 68.3 78 82.3 80.3 72.4 60.7 49 39.5 35.5
= UVB,, 0.0201 0.0376 0.0518 0.0616 0.0712 0.0782 0.0742 0.0726 0.0618 0.0405 0.0309 | 0.0203
b~ UVB 0.0203 0.0381 0.0501 0.0603 0.0703 0.0780 0.0741 0.0712 0.0606 0.0396 0.0309 | 0.0204
& UVB,, 0.0212 0.0397 0.0531 0.0636 0.0743 0.0824 0.0783 0.0754 0.0643 0.0412 0.0323 0.0213
e -1.2 -1.4 3.4 2.1 12 0.3 N 2.0 1.9 22 0.0 -0.3
e -5.4 -5.5 -2.5 -3.3 -4.3 -5.4 -5.5 -3.8 -4.1 -1.9 -4.5 -4.7
n 8.1 952 10 10.6 11.1 12.3 12 11.7 10.6 9.6 9 8.1
= h 41.5 49.4 59.9 12.1 81.8 86.1 81.1 76.2 64.5 528 433 39.2
= UVB,, 0.0290 0.0418 0.0572 0.0687 0.0716 0.0789 0.0764 0.0725 0.0647 0.0437 0.0346 | 0.0277
%‘) UVB 0.0278 0.0402 0.0562 0.0669 0.0709 0.0779 0.0748 0.0722 0.0628 0.0419 0.0330 | 0.0261
= UVB,, 0.0312 0.0443 0.0603 0.0714 0.0756 0.0832 0.0800 0.0773 0.0673 0.0463 0.0369 | 0.0295
e 4.1 3.9 By | 2.6 1.0 12 2.1 0.4 2.9 4.0 4.5 8.7
e -7.5 -5.9 -5.4 -3.9 -5.6 -5.5 -4.7 -6.6 -4.0 -6.0 -6.8 -6.4
- n 9.5 9.9 10.2 10.7 11.2 124 12.2 11.8 10.7 9.8 9.1 8.4
2 h 42.6 50.6 61 73.3 82.9 87.2 82 73 65.7 53.9 44.5 40.5
§ UVB,, 0.0401 0.0499 0.065 0.0772 0.081 0.088 0.0812 0.08 0.0719 0.0507 0.0398 | 0.0331
S UVB 0.0409 0.0507 0.0650 0.0751 0.0790 0.0866 0.0840 0.0810 0.0714 0.0505 0.0410 | 0.0344
é UVB,, 0.0381 0.0482 0.0621 0.0724 0.0763 0.0837 0.0811 0.0781 0.0685 0.0480 0.0383 0.0317
e -1.9 -1.6 0.0 2.7 2.5 1.6 -3.5 -1.2 0.7 0.4 -2.9 -4.0
e 5.0 34 4.5 6.2 5.8 4.8 0.1 2.4 4.7 5.4 3.7 4.1
n 10 10.2 10.4 10.8 115 12.6 124 12 10.8 10 9.2 9
£ h 443 525 63 75 83.8 87.8 83.8 78.7 68.9 57.6 47.6 42.6
5 UVB,, 0.0440 0.0542 0.0695 0.0796 0.0844 0.0920 0.0894 0.0864 0.0767 0.0554 0.0433 0.0375
< UVB 0.0442 0.0544 0.0695 0.0795 0.0842 0.0919 0.0894 0.0862 0.0765 0.0548 0.0436 | 0.0379
UVB,, 0.0416 0.0511 0.0643 0.0736 0.0779 0.0847 0.0823 0.0795 0.0708 0.0516 0.0412 | 0.0359
e -0.4 -0.3 0.0 0.2 0.2 0.1 0.0 0:2 0.2 1.0 -0.6 -1.0
e 3.3 5.7 7.4 7.6 7.8 7.9 7.9 8.0 7.7 6.9 4.8 4.3
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Table 6. The same as in Table 5 but for the year 2005

Station | Parameter Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
n 6.5 8.6 8.8 10.1 113 12 11.9 11.4 10.2 9.4 1.9 6.6
h 31.7 45.6 56.1 68.3 78 82.3 80.3 724 60.7 49 39.5 35.5
= UVB,, 0.0204 0.0366 0.0498 0.0646 0.0721 0.0777 0.0764 0.0704 0.0595 0.0418 0.0277 0.0192
- UVB 0.0207 0.0369 0.0487 0.0635 0.0708 0.0771 0.0750 0.0702 0.0593 0.0408 0.0281 0.0196
& UVB,, 0.0216 0.0384 0.0516 0.0670 0.0748 0.0814 0.0793 0.0743 0.0628 0.0425 0.0293 0.0204
e -1.7 -1.0 22 1.8 1.9 0.8 1.8 0.2 0.4 23 -1.4 -1.9
e -5.9 -5.0 -3.6 -3.8 -3.7 -4.8 -3.9 -5.6 -5.5 -1.8 -5.8 -6.3
n 8.6 8.5 9.5 10.2 11.3 12 11.9 11.8 10.7 10.1 9.9 9
= h 41.5 49.4 59.9 72.1 81.8 86.1 81.1 76.2 64.5 52.8 43.3 39.2
£ UVB, 0.0312 0.0391 0.0548 0.0668 0.0738 0.0773 0.0758 0.0744 0.0653 0.0458 0.0382 0.0310
*:-f UVB 0.0297 0.0377 0.0539 0.0651 0.0718 0.0766 0.0743 0.0727 0.0633 0.0438 0.0365 0.0295
= UVB,, 0.0333 0.0414 0.0578 0.0694 0.0766 0.0818 0.0795 0.0778 0.0678 0.0484 0.0409 0.0334
e 4.9 3.7 1.6 e 2.8 1.0 1.9 23 3.l 4.3 4.6 4.7
e -6.9 -5.8 -54 -4.0 -3.7 <507 -4.8 -4.5 -3.8 -5.8 -7.0 -7.8
= n 8.8 8.9 99 10.4 11.8 12.6 12.4 12.2 10.9 10.1 9.5 8.3
= h 42.6 50.6 61 733 82.9 87.2 82 713 65.7 53.9 44.5 40.5
§ UVB,, 0.0369 0.0456 0.0632 0.0736 0.0831 0.0881 0.0881 0.0845 0.073 0.0524 0.0419 0.0329
S UVB 0.0377 0.0464 0.0634 0.0736 0.0821 0.0876 0.0851 0.0831 0.0724 0.0518 0.0427 0.0340
5 UVB,, 0.0350 0.0441 0.0605 0.0709 0.0792 0.0847 0.0821 0.0801 0.0695 0.0493 0.0401 0.0313
e -2.2 -1.9 -0.3 0.0 1.2 0.5 35 1.7 0.8 13 -2.1 -3.3
e 5.1 3.3 4.3 3.6 4.6 3.8 6.8 S 4.8 59 4.3 4.8
n 9.6 9.8 10.2 10.9 12 12.8 12.6 12.4 11 10.7 10.1 9.1
& h 44.3 52.5 63 75 83.8 87.8 83.8 78.7 68.9 ST6 47.6 42.6
g UVB,, 0.0417 0.0520 0.0683 0.0804 0.0875 0.0931 0.0915 0.0888 0.0786 0.0579 0.0471 0.0373
z UVB 0.0422 0.0525 0.0684 0.0800 0.0871 0.0931 0.0905 0.0885 0.0777 0.0582 0.0480 0.0384
UVB,, 0.0398 0.0494 0.0633 0.0751 0.0815 0.0873 0.0849 0.0821 0.0738 0.0545 0.0451 0.0363
e -1.2 -0.9 -0.1 0.5 0.5 0.0 lel 0.3 1.l -0.5 -1.8 -2.9
e 4.5 4.9 7.3 6.6 6.9 6.2 1.2 1.3 6.1 5.8 4.3 25




Therefore, it could be concluded that, as it was expected, the above Egypt’s
formula (Eq. (9)) is valid to compute the UV-B solar radiation with high
accuracy during cold and hot months at any locations in Egypt. This is due to the
modified formulae characterized by simplicity and independence of
meteorological parameters, which in turn precisely estimates UV-B radiation at
any localitions in Egypt during all months.

Table 7. Annual mean values of UVB,,, UVB, UVB,,, e,, and e, at the four stations

El-Arish Hurghada S. Valley Aswan

Parameter

2003 2004 2003 2004 2003 2004 2003 2004
UVB, 0.0517  0.0514  0.0556  0.0561  0.0632  0.0636  0.0677  0.0687
UVB 0.0512  0.0509  0.0542  0.0546  0.0633  0.0633  0.0677  0.0687
UVB.y 0.0539  0.0536  0.0586  0.0590  0.0605 0.0606 0.0629  0.0644
e 0.8 0.5 2.9 3.1 -0.6 -0.1 0.0 -0.3
e -4.2 -4.6 -5.7 -5.4 4.2 4.7 6.8 5.8

4.3. UV-B radiation distribution over Egypt

The monthly mean of measured n values at forty selected stations have been
taken from the Egyptian Meteorological Authority and used in this study to
calculate the corresponding UVB values at these stations applying the Egypt’s
formulae (Eq. (9)). The stations have been chosen to cover the whole territory of
Egypt. The results of calculated UV-B radiation values have been plotted on
relevant charts (Figs. 4 and 5). The charts have been carried out by using the
SURFER program with the interpolation technique of minimum curvature.

These charts (Figs. 4 and 5) have been analyzed and discussed. The main
climatic features of UV-B radiation over Egypt are given below:

e The distribution of UV-B over Egypt depends on the latitude, where its
intensity tends to increase in the southward and decrease in the
northward direction in Egypt. The monthly mean values of UV-B
radiation ranges from the highest value of 0.088 MJ m * at the southern
part of Egypt in June, to the lowest value of 0.02 MJ m * at the northern
part of Egypt in January.

e In Egypt the highest values of UV-B radiation occur in June, when its
values range from 0.080 in the north to 0.088 MJ m * in the southwest
part of Egypt.

e In Egypt the lowest values of UV-B radiation occur in January, when its
values range from 0.020 in the north to 0.044 MJ m? in the southwest
part of Egypt.
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e There is a marked difference between the intensity of UV-B radiation at
the northern and southern parts of Egypt, especially in the winter
months (namely in January, the difference is 0.02 MJ m ), while this
difference decreases gradually to take its minimum in the summer

months (namely in June, the difference is 0.008 MJ m ).
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Fig. 4. The calculated UV-B values over Egypt during the months (a) January, (b)
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_—— BOOK REVIEW =———_

Geoffiey K. Vallis: Atmospheric and Oceanic Fluid Dynamics: Fundamentals
and Large-scale Circulation. Cambridge University Press, 2006, 745 pages, 16
chapters.

Geoffrey K. Vallis condensed his great teaching experience into the textbook on
atmospheric and oceanic dynamics. The material is divided into four major parts:
(i) fundamentals of geophysical fluid dynamics, (ii) instabilities, wave-mean flow
interaction, and turbulence, (iii) large-scale atmospheric, and (iv) large-scale
oceanic circulation.

The introductory part, starting from classical concepts of fluid dynamics and
thermodynamics, studies the effects of rotation and stratification, shallow water,
geostrophic and quasi-geostrophic flow systems, vorticity and potential vorticity,
as well as the Rossby waves. The second part guides the reader through barotropic
and baroclinic instability, wave-mean flow interaction, theory of incompressible
and geostrophic turbulence. Moreover, this part is closed with discussion of
turbulent diffusion and eddy transport. The third part is focused on large scale
atmospheric circulation: the overturning circulation (Hadley and Ferrel cells),
zonally averaged mid-latitude atmospheric circulation, and planetary waves. The
subject of the closing part is the wind- and buoyancy-driven as well as
simultaneous wind- and buoyancy-driven ocean circulation. Each chapter was
designed to form self-contained unit.

The text was written to satisfy the requirements of graduate courses, and it is
readable. The basic material was supplemented with parts which contain advanced
mathematical derivations, which may be omitted on first reading, and discuss
modern research topics. The chapters end with very useful notes, including a short
biography of the scientists who have made major contributions to the studied
fields, list of further reading, and set of unsolved problems. The author appeals to
the readers to post their own problem solutions and to extend the currently very
poor set of solutions published on the web site associated with the book. All the
figures, many in color, the errata, and the ongoing discussion may be downloaded
from the web site.

The book represents a comprehensive survey on the theory of geophysical
fluid dynamics, large-scale atmospheric and oceanic dynamics combining needs of
graduate students and researchers too. It has the potential to become the standard
reference for modern topics of the atmospheric and oceanic dynamics including
climate systems.

A. Bordas
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