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Abstract: Karst spring flow plays an increasing important role in groundwater 
resources in Hungary. This paper evaluates three different estimation 
methods to predict mean annual spring flows in the Aggtelek region, using 
GIS based catchment area. Annual spring flow was predicted by two 
regional regression equations, by applying the Budyko equations, and by 
the original and modified Maucha method. Using measured spring flows, 
precipitation and temperature data between 1975-1992 each method was 
evaluated and compared for 12 spring location in the Aggtelek region. 
Neither method was found significantly better than the others. The Budyko 
curves gave a good estimation for annual spring flows, with average 
variance. The non-linear regression method gave the best result, with the 
smallest median error, and error variance. 
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1. Introduction 

Understanding karst aquifers, including management, protection, and spring flow 
projection poses difficult challenges. There are many methods to investigate and 
characterize karst systems. They include: water budget, spring discharge hydrograph 
analyses, precipitation response analyses, deterministic (numerical modelling), lumped-
parameters, and fitting statistical models [1]. Meteorological and spring flow 
measurements were recorded in the Aggtelek region from 1964 to 1995.  This presented 
a unique opportunity to evaluate several karst modelling approaches to predict karst 
spring flow. In a previous study, Koch [2] compared the water budget method, lumped 
numerical models, and neural networks to predict daily, monthly, and annual spring 
flows. He found that the quantity of recharge changes year by year and is significantly 
influenced by extreme meteorological and hydrological events, large rainfalls, 
temperature, and vegetation changes. In an earlier study [3] the Kessler [4], Maucha [5] 
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and Willmott [6] methods were applied to predict spring flow using recharge. The three 
methods gave similar prediction accuracy statistics.  

Koch [2] determined that in the Aggtelek region, yearly rainfall data can be used to 
predict spring flow via linear regression. He used yearly rainfall data starting in July, to 
predict yearly spring flow starting in October. This method gave a much better 
estimation for yearly spring discharges (R2=0.8) than starting both processes in January. 
However, these studies raised  several more questions.  
• can the Maucha method be improved? 
• can the linear prediction equation be improved? 
• why is it significantly better to use yearly rainfall starting in July, and spring flow 

starting in October? 
• how good is the prediction if only the GIS-based catchment delineation is used? 
• is the Budyko method a good alternative  to predict yearly spring flows? 

2. Description of the study area 

The Aggtelek-mountain region is an area about 202 km2 located in the northeastern 
part of Hungary, directly neighboring Slovakia, with karst cover about 70 km2 (Figure 
1.). This is a carbonate ridge of the northern Carpathian Mountains. The karst plateaus 
rise along an east-west direction to an elevation 400-600 m high. In this region, more 
than 20 springs can be found with 15 having the most significant discharge. A major 
portion of the karst is covered by forests containing mainly oak trees and is relatively 
untouched by development. It is a popular hiking destination with weather moderately 
cool and wet, and cold winters. The first frost occurs around October 10 and the last 
about April 25. The yearly rainfall is 600-650 mm with wet months June, July and 
August followed by two drier months, September and October. In November and 
December the precipitation increases slightly. Snow falls for an average 25-40 days and 
the snow cover remains for 60-80 days.  

 

Figure 1. The Aggtelek-karst region. The springs named on the figure were monitored 

in a previous research (see next chapter) 
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2.1. Measured data 

Research started in the early 1960’s to study the surface and subsurface hydrology of 
the region. The study conducted by the Ferenc Papp Research Station included hydro-
meteorological measurements, surface flow experiments and analyses, direct and 
indirect determination of karst infiltration, and water level measurements in karst wells. 
Additionally, they examined the behavior of springs by analyzing variations of their 
discharge and physicochemical parameters, such as electrical conductivity, and water 
temperature. From 1964 to 1995, 15 major springs were monitored and rainfall 
measurements were collected from rain gauges. The 15 monitored springs can be 
divided geographically into 3 distinct regions (brown ovals in Figure 1). Springs in the 
Jósvafő area connect into Jósva creek, except Barlangi spring joins Rét creek, and both 
creeks discharge into Bódva creek. Upstream on Bódva, the Csörgő and four other 
springs connect into Bódva stream. Although the catchments were delineated for each 
spring. 

2.2. Geology 

The primary mass of the mountain is Triassic sediment. The Lower Triassic is a clay 
and sandstone aquitard, overlain by clayey Middle- and Upper Triassic sediment with 
carbonaceous dolomite, and limestone. The impermeable Lower Triassic sediment has 
an overall area of 62 km2, while the limestone-dolomite upper layers are 105 km2. The 
Southwestern part of the region has a mostly impervious sediment of 35 km2, that 
contains Pannonian-aged clay, sand, and gravel [7, 8]. The majority of the rainfall 
recharge is carried to the springs through sinkholes and the fracture systems in the karst 
plateau.  

 

Figure 2. Geological map of the Aggtelek karst [9] 
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3. Time series analyses of spring flows 

From the 15 springs monitored, 12 were selected for analysis. Since the springs were 
monitored over different lengths of time, a common time range was chosen to properly 
compare their hydrologic signatures. Table 1 lists the relevant data for each spring. Note 
that the time series used for analysis was 1974-1989 except Pasnyag. Other data include 
surface catchment area, mean annual precipitation (MAP), mean annual runoff (MAR), 
elevation of spring outflow (Meters Above Baltic Sea Level=MASL), latitude (LAT) 
and longitude (LON).  

Table 1. Parameters for the springs 

Location 

code 

Spring 

name 

Catchment 

area (km2) 

Analyzed 

time series 

MAP 

(mm) 

MAR 

(mm) 
MASL LAT LON 

1 Bolyamér 0.97 1974-1989 647 217 268 48.492 20.595 

2 Csörgő 1.07 1974-1989 659 377 178 48.523 20.678 

3 Kastélykerti 2.95 1974-1989 691 202 167 48.563 20.787 

4 Kecskekút 0.52 1974-1989 645 228 245 48.464 20.587 

5 Kis-Tohonya 2.04 1974-1989 638 278 258 48.496 20.538 

6 Komlós 2.16 1974-1989 638 162 217 48.481 20.545 

7 Kopolya 1.99 1975-1989 633 246 220 48.497 20.623 

8 Lófej 0.67 1974-1989 645 260 428 48.522 20.545 

9 Nagy-Tohonya 12.48 1974-1989 638 271 218 48.488 20.550 

10 Pasnyag 5.32 1974-1985 720 718 164 48.557 20.763 

11 Tapolca 1.06 1974-1989 691 206 166 48.567 20.806 

12 Vecsem 5.06 1974-1989 676 164 189 48.551 20.731 

3.1. Catchment area 

Determination of spring flow catchment area is more complex in a karst region since 
many subsurface processes can influence its size. For this study, the area was based on 
surface geology using GIS delineation. Since most of the annual prediction methods 
quantify spring flow in mm/yr instead of m3/s, accurate determination of the catchment 
area improves flow prediction. To assess the reliability of the GIS-measured catchment 
areas, the hydrologic area of each spring was calculated as well by dividing the annual 
spring flows (m3/s) by the measured yearly rainfall (mm). The results are shown in 
Figure 3. Intuitively, catchment area should not change, however climatic factors, or 
long term changes in catchment characteristics can influence its size. 
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Figure 3. Calculated catchment area (A=km2) at each spring, with trend line 

Figure 3 illustrates most springs have a wide range of yearly variations. Most of the 
springs have a declining trend, and only a few shows (Lófej, Bolyamér) no trend. The 
mean calculated area was determined as well and compared to the measured values. 
Vecsem had a 40%, Pasnyag 31% negative difference (GIS overestimations), the rest of 
the springs had less than 25% over-under estimation. In this study the GIS-determined 
areas were used throughout.  

3.2. Parde coefficient 

Yearly distribution of rainfall, temperature, and spring flows were evaluated using the 
Parde coefficient. The Parde coefficient [10] for spring flow is calculated,  

 
12

i

V

V
PCV = (-) (1) 

where PCV is the Parde coefficient of the variables precipitation P, flow Q and 
potential evaporation PET for month i (-); Vi is the monthly average of variables for 
month i; V12

���� is the yearly average of variables for month i. The results of the non-
dimensional comparisons are shown in Figure 4. 
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Figure 4. Computed Parde coefficients for each spring 

The black lines indicate spring flow, blue lines rainfall, and red lines potential 
evapotranspiration. The Priestley-Taylor [11] model was used to determine potential 
evapotranspiration for month i, 

 ∑
L

G-R

γ+Δ

Δ
α=PET

n

1

n
PTi (mm/month) (2) 

where n is the number of days in month i; Δ is the slope of the saturated vapor pressure 
graph (kPa/°C); γ is the psychometric constant (kPa/°C); Rn is the available energy on 
the vegetation covered surface (MJ/m2day); G is the thermal conductivity of the soil 
(MJ/m2day, in this study G was assumed = 0.0); L is the latent heat of vaporization 
(MJ/m2mm) and αPT is the Priestley-Taylor parameter (αPT = 1.26) [12, 13]. 

Monthly distribution of rainfall follows a similar pattern; the spring-summer months 
are twice as wet as the fall-winter months. Spring flows reach a maximum in April and 
May, and the karst system drains out in October-November. For some springs, the range 
between maximum and minimum flows are larger. For example, the maximum flow at 
the Bolyamér spring in April is twice as much as the minimum flow in October. At the 
Nagy-Tohonya, Pasnyag, and Tapolca springs, the distribution of flows over the year 
are much more uniform, indicating a hydrologically different karst system. Comparing 
rainfall and spring flow in the first 4-4.5 months, there is more spring flow than rainfall 
and the system is draining. After June, there is more rainfall than spring flow and the 
karst system is filling. Even when the karst system is filling, spring flows are decreasing 
until October, indicating a 4-month lag between rainfall and  spring flow in the system. 
If we compare potential evaporation to rainfall at all springs, they are in phase. This 
reduces recharge during the wet season, and only in the winter months can significant 
recharge occur. 
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4. Annual spring flow prediction 

There are several methods to predict annual spring flows. The most commonly used  
methods are: methods based on water budget, and two statistical methods; index 
methods, and regression methods. From water budget methods, the Maucha method was 
selected. From the index methods the Budyko method [14] was selected to predict 
spring flows. Using the Kessler concept (delay in the karst system), a regional 
regression equation was developed and an attempt to improve the prediction accuracy of 
spring flows in the Aggtelek region.  

4.1. Maucha method 

Spring discharge (Q) can be determined by multiplying the catchment area (A) with 
recharge (RECH). Recharge is the rainfall that infiltrates and recharges the groundwater. 
It later appears at the spring as discharge. In the Maucha method, yearly recharge 
(RECH) is calculated from the water budget components, which include raw recharge 
(RECHraw,), mean precipitation coefficient (Pc), soil water storage coefficient (Sc), 
potential evapotranspiration coefficient (PETc) and surface runoff coefficient (Rc). 

 ccccraw RPETSPRECHRECH −±±±=  (mm/yr) (3) 

The minus sign indicates water movement out of the system. Maucha [5] determined 
a calculation method for each coefficient. RECHraw can be calculated by multiplying the 
monthly infiltration ratio (IR) with monthly rainfall, and taking the cumulative sum for 
the whole year. 

 ∑ P×IR=RECH
12

1=i
monraw  (4) 

In this study, a new IR was back-calculated using spring flow data over the same time 
period. 

 
mon

mon

mP

mQ
=IR  (5) 

where mQmon equals mean monthly discharge of every spring for the analyzed time 
period; mPmon is mean monthly precipitation at every spring watershed for the analyzed 
time period. The new IR was calculated by averaging the monthly IR values for every 
spring. The Maucha and the averaged IR values are shown in Table 2. 
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Table 2. IR values for the Aggtelek region 

Month IRMaucha IRaveraged 

January 0.42 0.38 

February 0.70 0.68 

March 0.68 0.73 

April 0.52 0.68 

May 0.33 0.49 

June 0.16 0.24 

July 0.14 0.23 

August 0.11 0.16 

September 0.13 0.17 

October 0.15 0.17 

November 0.17 0.20 

December 0.30 0.34 

4.2. Budyko 

The Budyko method [14] was selected to describe the relationship between climate, 
vegetation, and the hydrologic cycle. The method expresses the dependence of actual 
evapotranspiration, AET, on energy availability (usually represented by potential 
evaporation) and water availability (usually represented by precipitation). Several 
analytical equations were developed to describe the relationship between the ratio of 
mean annual actual evaporation to mean annual precipitation and ratio of mean annual 
potential evaporation and mean annual precipitation. The equations are expressed as a 
function of the aridity index Φ, the ratio of annual potential evaporation to annual 
rainfall (PET/P). Budyko and Fu equations were selected for this study: 

 

 [ ] 5.0- )exp -1)(/1tanh(
P

AET
Φ

ΦΦ=  [14] (6) 

 ωω )Φ+(1-Φ+1=
P

AET
 [15, 16, 17] (7) 
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Figure 5. Budyko analysis of the time series of the twelve locations for yearly data 

(continuous line: Budyko; dashed line: Fu) 

Where ω is a curve-fitting constant. Based on Zhang’s [15] research ω	=	2.4	was 
assumed. The Priestley-Taylor method (Eq. 2) was used to calculate potential 
evapotranspiration. In Figure 5 the annual aridity index and the AET/P ratio was 
calculated, and plotted for each spring. AET was determined with the following 
equation; 

Q-P=AET  (mm)   (8) 

Spring locations were color coded to compare variation between spring flows for each 
year. The aridity index is less than 1 for most years indicating a humid climate, and the 
hydrological processes are energy limited. For some years the points follow the curve, 
but many points are above the curve indicating that potential evaporation and 
precipitation were in phase during the year. Using the Budyko method, spring flow can 
be calculated by predicting the AET/P ratio using one of the analytical equations, and 
the aridity index, then Equation 8 is rearranged to determine spring flow.  

4.3. Regression equation 

In a previous study by Koch [2], it was determined that better regression results can 
be achieved when the average yearly calculations do not start in January. A cross-
correlation matrix was determined between yearly rainfall (P) and spring flows (Q), 
with each starting from a different month of the year. The results are shown in Figure 6. 
The number after the letter indicates the starting month, for example, P2 indicates 
yearly calculation started in February.   
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Figure 6. Cross-correlation for spring flow and precipitation 

The highest correlations were found when rainfall calculations started in June, July, 
and August and spring flow calculations started with a 1-3 month delay. The best 
correlation was found when rainfall calculations started in July and spring flows in 
November. Using these starting points, a simple a linear regression equation was 
determined,  

 710 0.94P+-402=Q (mm/yr) (9) 

where Q10 is the annual flow starting in November. The calculated adjusted r2 = 0.62. 
To improve prediction accuracy, several non-linear models were considered, as well as 
accounting for actual evaporation. The independent predictor precipitation was reduced 
by actual evapotranspiration (AET). To estimate mean annual actual evapotranspiration 
(AET), the Turc’s formula [18] was applied,  

 

2

2

L

P
+9.0(

P
=AET (mm) (10) 

where the value of L depends on the average yearly temperature t (°C) and can be 
calculated as: 

 30.05t+t25+300=L  (11) 
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The method was selected based on its reliability [19] and ease of use. For Hungary, 
Kovács [20] developed another estimation method to predict actual evapotranspiration. 
This method will be compared to the Turc method and applied in future studies.  

The result of the non-linear regression: 

 )AETP(044.04Q 7710 −+= (mm/yr) (12) 

with r2 = 0.66. Figure 7 shows the prediction line with the 95% prediction interval and 
the test statistics. 

 

Figure 7. Results of the non-linear statistics 

The test statistics are slightly better than determined in several European karst regions 
[21]. With no rainfall, the predicted spring flow is 16 mm/yr, resulting in constant base 
flow at the spring in the Aggtelek region.  

5. Results and discussion 

Three different modelling approaches were compared to predict annual spring flows 
in the Aggtelek region. 

1. A water budget based method. Two variations of the Maucha method were 
applied: a standard variation (Maucha1) and one using a variable IR parameter 
shown in (Eq. 5) (Maucha2).  

2. An index method. The Budyko curve was used to predict annual spring flows. 
Budyko1 was the original approach (Eq. 6) while Budyko2 used the Fu method 
(Eq. 7).  

3. A statistical regression method. The first approach (Reg1) used a linear fit (Eq. 
9) to the data, while the second (Reg2) used a nonlinear fit (Eq. 12) 

 To compare the three different modelling methods, the absolute normalized error 
(ANE) was calculated (ANE=0 for a perfect prediction), 
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m

mcalc

Q

QQ
ANE

−
=  (13) 

where Qcalc is the calculated spring flow, Qm is the measured spring flow. The boxplot 
of the absolute normalized error distribution of each calculation method is shown in 
Figure 8.    

 

Figure 8. Comparison of 6 annual prediction methods 

In Figure 8 the horizontal lines are indicating median errors, the extend of the box 
represent the 25-75% percentile of the errors and the upper-lower whisker extends from 
the hinge to the largest-smallest value no further than 1.5 * IQR from the hinge (where 
IQR is the inter-quartile range, the distance between the first and third quartiles). The 
median values in Figure 8 are all near 0.3. Median errors are lowest for the Reg2 and 
Maucha1 methods, while the highest is for the Maucha2 method. The Reg2 method 
performed best while the Maucha2 method, the worst. It appears that the original IR 
values are better than newly calculated IR values. The non-linear equation performed 
better than the linear regression. Catchment characteristics, such as elevation, and size 
were considered in the regression equations, but no significant correlation was found. If 
one considers the ease of use, the index methods performed well in comparison to the 
other methods. Overall the non-linear regression method gave the best prediction errors. 
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All methods performed similarly, since the median errors are very close. The more 
significant difference between the methods are in the overall spread of errors. 

In this region, the aridity index is less than one, thus all catchments are energy-
limited. For these types of catchments, Blöschl [22] showed similar results; in humid 
regions, the regression methods, and Budyko approach performs similarly. In the 
Aggtelek region, all methods give satisfactory annual predictions for spring flows. In 
future studies these predictive methods will be applied to different karst regions in 
Hungary.  
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