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Extended Abstract

Introduction

Drainage density is one of the most important geomorphologic indices of watersheds, which has often been used
to express the degree of fluvial dissection, rainfall and infiltration capacity, flooding potential, landslide potential,
topography evolution, and basin erosion. This index is greatly influenced by climate, vegetation, bedrock geology,
time, and morphometric factors among which, the relationship between drainage density and climate is important,
firstly in assessing the sensitivity of water resources and watershed hydrology to climate change; secondly, it
determines how close to the truth the selection of this index is for climatic and hydrological studies; and thirdly, it
reveals whether there is a significant difference in the amount of drainage density in different climates so that it is
necessary to consider its variability in the study of flooding, landslide, and erosion potentials. The main objective
of this study is to investigate the effects of climate (mean annual precipitation) on the watershed drainage density
of Kurdistan Province, Iran through modeling this relationship, as well as drainage density variation with
precipitation in different climates. This information can be utilized as a key tool for watershed planning specifically
in mitigating environmental crises.

Materials and Methods

Kurdistan province is one of the provinces of western Iran, located between longitudes of 45° 31" and 48° 16" E
and latitudes of 34° 44" and 36° 30" N. Its area is about 29137 Km?. The mean annual precipitation is 485 mm and
the mean annual temperature is 9 °C. This province is an important region since it is a huge source of fresh water
for 5 large watersheds in Iran. The west of the province is covered by sparse oak forests, while the east is mainly
agriculture and rangelands. The majority of the province belongs to the Sanandaj-Sirjan geological zone and in
terms of geomorphology, the entire Kurdistan province is covered by high mountainous areas and hilly regions.
Based on long-term precipitation and temperature data of 8 synoptic weather stations of Kurdistan province, the
climate was classified into four types, including humid, semi-humid, Mediterranean, and semi-arid climates,
according to the De Martonne climatic classifications method by Surfer software. A total of 40, 87, 62, and 57
small watersheds (each less than 50 km? in area) were selected from humid, semi-humid, Mediterranean, and semi-
arid climates, respectively. The selected watersheds covered at least 10% - 15% of the total area of each climate
zone. Each climate zone included between 40 to 100 watersheds for analysis, which were uniformly distributed
across the region. To determine the mean annual precipitation of each watershed, the isohyetal map of the
Kurdistan province was prepared using the above-mentioned 8 weather stations in the ArcGIS environment.
Drainage densities (Dg) of the 246 watersheds were calculated using the Dg = £L/A equation. SPSS and Excel
were used to analyze the data and to model the relationship between drainage density and mean annual precipitation
in different climates of Kurdistan province.

Results and Discussion

Results showed that climate has a significant effect (significance level of 0.0001) on drainage density, such that
the mean of drainage density is significantly different in different climates of Kurdistan province. The maximum
mean drainage density was 1.71 km/km? occurred in the Mediterranean climate, while this climate showed the
minimum coefficient of variation for drainage density (19.9%) and maximum coefficient of variation for
precipitation (21.9%). The minimum amount of drainage density was 1.12 km/km?, which occurred in a humid
climate, while this climate showed a high coefficient of variation for drainage density (but not maximum value)
and the lowest coefficient of variation for precipitation (10.2%). The modeling of drainage density with mean
annual precipitation revealed a nonlinear behavior of drainage density in different climates. The relationship of
drainage density with mean annual precipitation in humid, semi-humid, Mediterranean, and semi-arid regions was
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modeled as exponential, linear, and sigmoid functions, respectively. We also came upon this result that the
maximum drainage density occurred in mean annual precipitation of 400 mm, and precipitation less than or greater
than 400 mm, drainage density decreases. In precipitations less than 400 mm, drainage density increases with an
increase in precipitation, and in precipitations more than 400 mm, when precipitation increases, drainage density
decreases. The 400 mm precipitation, therefore, is introduced as an Index Precipitation for studying morphometric
factors, specifically drainage density, in Kurdistan watersheds and similar regions in future works. The findings
of this study are in line with findings of Carlston (1963), Gregory and Gardiner (1975), Gregory (1976), Daniel
(1981), Abrahams (1972), Abrahams and Ponczynski (1984), and Moglen et al. (1998) who had previously
introduced 1250, 500, 500, 3000, 2000, 280, and 450 mm as Index Precipitation for studying drainage density in
different climates at other parts of the world.

Conclusions

The drainage density of 246 small watersheds of Kurdistan Province was investigated, and its relationship with
mean annual precipitation was also modeled. The role of climate in the process of changes in drainage density was
determined. The findings of this research showed that the climate has a significant effect on the drainage density
of watersheds; therefore, in each climate, the relationship between the drainage density and the amount of
precipitation has unique behavior and is different. In Mediterranean and semi-arid climates, changes in drainage
density are under the control of precipitation, and in semi-humid and humid climates, changes in drainage density
are under the control of vegetation cover, which should be investigated in future studies. A close relationship
between drainage density and precipitation proved that this index can be used in the studies of climate change
impacts on water resources and other natural hazards; however, it is necessary to consider its variability. Such
studies can provide important information for official authorities to prepare better watershed management plans.
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Figure 1- Geographical poistion of Kurdistan province on the map of Iran
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Table 1- Characteristics of eight synoptic weather station of Kurdistan province (Kurdistan Meteorological Bureau, 2025)

. Mean Annual Mean Annual Starting Altitude . . .
Climate Type Precipitation (mm) Temperature (°C) Year (m) Latitude Longitude Station
Mediterranean 4335 14.3 1338 1373 35.25 47.01 Sanandaj

Humid 910.0 13.6 1370 1287 35.49 46.15 Marivan

Semi-arid 302.1 11.8 1366 1883 35.88 47.62 Bijar

Semi-humid 4104 12.1 1340 1523 36.22 46.31 Saqqez

Semi-arid 296.9 12.5 1368 1906 35.17 47.78 Qorveh

Mediterranean 240.4 8.6 1368 2142 36.06 46.91 Zarrineh
Humid 229.1 14.3 1378 1600 36.01 45.89 Baneh
Mediterranean 506.5 16.2 1385 1404 34.79 46.89 Kamyaran

oy olol o dllaio So oalSl o Cpunnd Y Jg>
(De Martonne, 1926) (i logd Swid

Table 2- Determination of climate type of a region based
on De Martonne aridity index (De Martonne, 1926)

Climate Type De Martonne Aridity Index
Arid Ipm< 10
Semi-arid 10<Ibm<19.9
Mediterranean 20<Ipm <239
Semi-humid 24<Ipm <279
Humid 28 <Ipm <349
Very humid 35 <Ipm

Obawd S bl couldl gnvatl -Y-Y
Folegd B9y 3l (liwd 7 el (colBl (lancas (s jslatods
(Ipm) S cops i odlawl (De Martonne, 1926)
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4, Pearson’s Correlation Coefficient (r)
3. Coefficient of determination (R?)
6. Adjusted Coefficient of Determination (Adj. R?)
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Figure 2- Climatic classification map of Kurdistan province and the geographical position of watersheds under investigation in

different climates
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Figure 3- Iso-Hyetal map of Kurdistan province and the geographical position of the used synoptic weather stations
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Figure 4- Study flowchart of drainage density modeling based on mean annual precipitation in different climates of Kurdistan
province
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Figure 5- Violin graph of drainage density and mean annual precipitation in different climates of Kurdistan province
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Table 3- P values of Kolmogorov-Smirnov normality test for drainage density and mean annual precipitation in different climates
before and after normalization of data at the significance level of 95%

P values for normal.lz'a thn of mean annual P values for normalization of drainage density P value
precipitation
Semi-arid | Mediterranean Sem} j Humid Serpl— Mediterranean | Semi-humid | Humid Climate type
humid arid
0.002 0.064 0.000 0.004 0.200 0.200 0.035 0.159 Before Normalization
0.200 - 0.200 0.200 o --- 0.200 --- After Normalization
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Table 4- Characteristics of drainage density in different climates of Kurdistan province

Coefficient of Standard Deariange Minimum Maximum Mean Drainage
Variation Deviation Density Range Drainage Density Drainage Density Density Climate Type
(%) (Km/Km?) (Km/Km?) (Km/Km?) (Km/Km?)
24.11 0.27 1.27 0.79 2.06 1.12 Humid
31.34 0.42 1.70 0.51 221 1.34 Semi-humid
19.88 0.34 1.60 1.08 2.68 1.71 Mediterranean
21.82 0.36 1.54 0.93 2.47 1.65 Semi-arid
24.13 0.35 1.53 0.83 2.35 1.45 Mean
Obwd S ylinw] Cilises 5Laealdl 5 AVl bawgio )b Oluogas —0 Jgua
Table 5- Characteristics of precipitation in different climates of Kurdistan province
. S Minimum Annual Maximum Annual Mean Annual
Coefficient of Standard Precipitation S S S .
Variation (%) Deviation Range (mm) Precipitation Precipitation Precipitation Climate Type
(mm) (mm) (mm)
10.17 64.79 387 525 912 637 Humid
19.06 102.16 465 350 815 536 Semi-humid
21.93 91.70 445 335 780 418 Mediterranean
13.10 45.59 187 303 490 348 Semi-arid
15.68 76.06 372 378 750 485 Mean
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Table 6- Analysis of variance of climate type effect on drainage density in different climates of Kurdistan province

Mean of Squares Degrees of .
P value Calculated F (MS) Sum of Squares (SS) Freedom (df) Source of Variation (SOV)
4.028 12.084 3 Between Climates
0.0001 29.985 0.134 32509 242 Within Climate (Error)
44.593 245 Total

SF vy 4 Gl S bl Blisco (LSl 15 (iS55 (il duw o -V Joua

Table 7- Comparison of drainage density means in different climates of Kurdistan province using Tukey method

Semi-arid Mediterranean Semi-humid Humid
0.5388" * Humid
03142° 0. 0.2246° Semi-humid
0.0585"* ’ - - Mediterranean
— - Semi-arid
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Figure 6- Comparison of drainage density means in different climates of Kurdistan province
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Figure 7- Modeling drainage density based on mean annual precipitation of Kurdistan province watersheds in a) humid, b) semi-
humid, ¢) Mediterranean, and d) semi-arid climates
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Table 8- Different criteria of evaluating drainage density modeling using mean annual precipitation in humid climate of Kurdistan

province
P value F Oest Adj. R? R? r AIC Model Type
<0.001 524.35 0.07 0.931 0.93 0.97 14.63 Linear
<0.001 316.87 0.09 0.890 0.89 0.94 13.71 Logarithmic
<0.001 195.33 0.11 0.833 0.84 0.91 12.87 Inverse
<0.001 356.89 0.06 0.948 0.95 0.97 15.25 Quadratic
<0.001 356.89 0.06 0.948 0.95 0.97 15.25 Cubic
<0.001 711.05 0.05 0.948 0.95 0.97 16.01 Compound
<0.001 566.57 0.06 0.935 0.98 0.97 15.57 Power
<0.001 358.89 0.07 0.902 0.90 0.95 14.73 Sigmoid
<0.001 711.05 0.05 0.948 0.95 0.97 16.01 Growth
<0.001 711.05 0.05 0.948 0.95 0.97 16.01 Exponential
<0.001 711.05 0.05 0.948 0.95 0.97 16.01 Logistic

1. Sigmoid
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Table 9- Different criteria of evaluating drainage density modeling using mean annual precipitation in semi-humid climate of

Kurdistan province

P value F Gest Adj. R? R? r AIC Model Type
<0.001 17347.75 0.03 0.99 0.99 0.99 18.01 Linear
<0.001 2993.37 0.07 0.97 0.97 0.98 14.54 Logarithmic
<0.001 865.35 0.13 0.91 091 0.95 12.19 Inverse
<0.001 8581.05 0.03 0.99 0.99 0.99 18.01 Quadratic
<0.001 5659.46 0.03 0.99 0.99 0.99 18.01 Cubic
<0.001 1139.80 0.09 0.93 0.93 0.96 13.58 Compound
<0.001 4313.03 0.05 0.98 0.98 0.99 16.14 Power
<0.001 8501.78 0.03 0.99 0.99 0.99 17.48 Sigmoid
<0.001 1139.80 0.09 0.93 0.93 0.96 13.59 Growth
<0.001 1139.80 0.09 0.93 0.93 0.96 13.59 Exponential
<0.001 1139.80 0.09 0.93 0.93 0.96 13.59 Logistic
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Table 10- Different criteria of evaluating drainage density modeling using mean annual precipitation in Mediterranean climate of

Kurdistan province

P value F Oest Adj. R? R? r AIC Model Type
<0.001 1978.83 0.06 0.97 0.97 0.98 15.39 Linear
<0.001 2016.72 0.06 0.97 0.97 0.98 15.42 Logarithmic
<0.001 1092.29 0.08 0.95 0.95 0.97 14.25 Inverse
<0.001 1052.43 0.06 0.97 0.97 0.99 15.54 Quadratic
<0.001 1052.43 0.06 0.97 0.97 0.99 15.54 Cubic
<0.001 876.48 0.05 0.93 0.94 0.97 15.96 Compound
<0.001 1697.26 0.04 0.97 0.97 0.98 17.21 Power
<0.001 2129.99 0.03 0.97 0.97 0.99 17.67 Sigmoid
<0.001 876.48 0.05 0.93 0.94 0.97 15.96 Growth
<0.001 876.48 0.05 0.93 0.94 0.97 15.96 Exponential
<0.001 876.48 0.05 0.93 0.94 0.97 15.96 Logistic
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Table 11- Different criteria of evaluating drainage density modeling using mean annual precipitation in semi-arid climate of

Kurdistan province

P value F Oest Adj. R? R? r AIC Model Type
<0.001 1431.22 0.07 0.96 0.96 0.98 14.72 Linear
<0.001 1792.24 0.06 0.97 0.97 0.98 15.15 Logarithmic
<0.001 1818.05 0.06 0.97 0.97 0.98 15.18 Inverse
<0.001 993.96 0.06 0.97 0.97 0.99 15.40 Quadratic
<0.001 1031.15 0.06 0.97 0.97 0.99 15.46 Cubic
<0.001 885.26 0.05 0.94 0.94 0.97 15.71 Compound
<0.001 1387.09 0.04 0.96 0.96 0.98 16.57 Power
<0.001 2198.59 0.03 0.97 0.98 0.99 17.46 Sigmoid
<0.001 885.26 0.05 0.94 0.94 0.97 15.71 Growth
<0.001 885.26 0.05 0.94 0.94 0.97 15.71 Exponential
<0.001 885.26 0.05 0.94 0.94 0.97 15.71 Logistic
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Table 12- Best-fitted model representing the relationship of drainage density and mean annual precipitation in different climates of

Kurdistan province

Climate Type Best Fitted Model Model Type

Humid Dy = 0.217¢0002P Exponential
Semi-humid Dy, = 0.004 P —0.815 Linear
Mediterranean D, = e@-“"-@) Sigmoid
Semi-arid D, = ¢(3630-225%) Sigmoid
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Figure 8- Variability of drainage density in Kurdistan province in comparison with other studies
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