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Abstract

:

Understanding the relationship between topography, hydrological processes, and runoff source areas is essential in engineering design, such as predicting floods and implementing effective watershed management practices. This relationship is not well defined in the highlands with a monsoon climate and needs further study. The objective of this study is to relate topographic position and hydrological response in tropical highlands. The research was conducted in the Debre Mawi watershed in the northwest sub-humid Ethiopian highlands. In the monsoon rain phase of 2017 and 2018, groundwater depth, infiltration rate, and surface runoff were monitored at the upslope, midslope, and downslope positions. Surface runoff rates were measured in farmer fields through distributed V-notch weirs as estimates of positional runoff. Average water table depths were 30 cm deep in the downslope regions and 95 cm in the upslope position. The water table depth affected the steady-state infiltration rate in the rain phase. It was high upslope (350 mm h−1), low midslope (49 mm h−1), and zero downslope. In 2017, the average runoff coefficients were 0.29 for the upslope and midslope and 0.73 downslope. Thus, topographic position affects all aspects of the watershed hydrology in the humid highlands and is critical in determining runoff response.
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1. Introduction


Globally, thousands of studies have been conducted to understand the amount of runoff generated in response to a hydrological event. Rainfall characteristics, topography, soil moisture, infiltration capacity, and land use have been identified as critical factors [1,2,3,4]. In the humid Ethiopian highlands, where the volcanic-derived soils have a high infiltration capacity, soil moisture governs runoff processes [1,2]. It means that any rain will infiltrate unless the soil is saturated, at which point all rain that is not lost as interflow will become runoff [5,6]. In addition, interflow is an important component of the discharge at the outlet [2,7]. According to previous research [6,7,8,9,10], topography is one of the main factors that impacts watershed hydrology, especially in humid climates. Studies in the Ethiopian highlands [6,11] have shown that topographic factors affect catchment runoff more than ecological ones. In addition, studies based on the topographic wetness index map [12,13] confirmed that topography is a significant factor in catchment response. Based on topography, three topographic positions can be defined: upslope, midslope, and downslope. Upslope positions are the upper portions of the watershed close to the watershed divide and have deep permanent groundwater tables but can have perched groundwater above a hardpan. Midslopes are usually the steepest part in the watershed, where soils drain fast and remain unsaturated throughout the rain phase. Downslope regions close to the watershed outlet are in the lowest topographic position, saturating during the last half of the rain phase [2,14].



The (perched) groundwater table depth at any of the three landscape positions is a function of the quantity of incoming flow and the carrying capacity of the soil profile. The incoming flow depends on the rainfall falling on the contributing upslope area over the travel time from the divide [15,16]. The carrying capacity depends on the slope, hydraulic conductivity, and soil profile depth above the hardpan. For this reason, the least sloping and the downslope regions of the watershed usually have shallow groundwater tables, and steeper parts remain mainly unsaturated [17].



Despite many watershed experiments carried out in the Ethiopian highlands [18], few have investigated experimentally the effect of topographic position (upslope, midslope, and downslope) on runoff from soil and water conservation practices located at different parts of the watershed. Observations of runoff, either at the outlet of watersheds or from field plots, cannot distinguish the effect of topography on runoff generation [19] because discharge measurements at the outlet integrate all watershed runoff processes, and plot studies are hydrologically disconnected from the surrounding area [20]. Thus, the objective is to relate experimentally discharge to the topographic position in the landscape (upslope, midslope, and downslope). The investigations were carried out in the well-characterized Debre Mawi watershed in the Ethiopian highlands, 30 km south of Lake Tana [21,22,23,24,25,26,27,28,29].




2. Materials and Methods


2.1. Description of the Study Area


The study was conducted in the 95 ha Debre Mawi watershed in the sub-humid highlands of Ethiopia. The Debre Mawi watershed (Figure 1) is in the upper Blue Nile Basin, Ethiopia. The watershed is 30 km southeast of Bahir Dar on the road to Adet. The outlet is located at 37°22′ E and 11°18′ N. The elevation ranges from 2195 m a.s.l. near the outlet to 2308 m a.s.l. in the southeast. Slopes vary from 1 to 30%. The climate is sub-humid with a mean annual rainfall of 1240 mm a−1. Eighty percent of the rainfall occurs from June to September. The mean daily temperature is 20 °C.



The hydrology, erosion, and gully formation in the Debre Mawi watershed have been studied over nine years, starting in 2010 [2,17,21,22,23,24,25,26,27,28,29]. During this period, 50 cm deep government-mandated infiltration furrows were installed [23], the eucalyptus tree acreage was expanded, and the road was asphalted at the northern edge [24,25]. Runoff and sediment concentrations were measured at the outlet of the 95 ha watershed and four nested watersheds [22]. Gullies within the watershed delivered most of the sediment at the outlet [28]. The runoff and erosion steadily declined over the nine years, mainly because the amount of rainfall needed for runoff to occur increased due to drying out of the watershed caused by the evaporation of the additional acreage of full-grown eucalyptus tree stands during the summer [23,24].



2.1.1. Topographic Units


Upslope: This is the upper portion of the watershed close to the watershed divide characterized by slopes between 1 and 6%. The soils are predominantly Nitisols. Nitisols are fertile forest soils with medium base saturation. The soils are deep, well-drained, permeable soils and suited for cereal cultivation such as teff (Eragrostis abyssinica), maize (Zea mays), finger millet (Eleusine coracana), barley (Hordeum vulgare), and wheat (Triticum aestivum). Soil and water conservation practices implemented during 2012, 2013, and 2014 consisted mainly of 50 cm deep infiltration furrows with bunds downhill. In 2017 and 2018, all the infiltration furrows were filled up with sediment. The bunds were still present and often concentrated the diffuse runoff upslope [25].



Midslope: These are located midway between upslope and downslope. The slope ranges from 6% to 30%. The landscape consists mainly of reddish-brown vertic nitisols with good permeability on slopes 6–15% suited for growing teff [17]. The remaining area is steeper and consists of shallow rocky soils with bushes, shrubs, and grasses. Soil bunds and stone-faced soil bunds with infiltration furrows were constructed in the period from 2012 to 2014 [25].



Downslope: These are the periodically saturated or nearly saturated bottomlands during the rainy season and very close to the watershed outlet. The maximum slope is 6%. The soils are vertisols. They consist of expanding montmorillonite heavy clay. Shrinkage cracks form during the dry monsoon phase and swell when wet. The soils are deep. Land use depends on the water table height. Lands that are continuously saturated during the rain phase are covered with grass. Other lands saturate for a short time are used for cereal production with teff as the main crop. Infiltration furrows with downhill bunds were constructed in 2013 and 2014. Most structures collapsed shortly after implementation, and one initiated a gully that was 3 m deep, 4 m wide, and 40 m long in 2017 [23,24,25].




2.1.2. Geology


Most of the watershed is underlain by highly weathered and fractured basalt similar to the regional geology of volcanic flows and pyroclastic fall Cenozoic deposits [26,27]. In the upper parts of the watershed, the fractured basalt is between 20 and 60 cm. In the remainder, the basalt is much deeper at around 10–15 m [17]. The fractured bedrock is overlain by a C horizon of dark brown compacted clay C horizon followed by a light brown wet and sticky clay soil in the B horizon. Finally, the A horizon consists of either red or black clays or organic-rich soil [26].



A perched water table is formed on top of the deep basalt during the rain phase and then disappears three to four months after the rains stop [17]. Lava intrusions perpendicular to the slope force the lateral subsurface flow to the surface [22,23,24,25]. Faults act as the only flow conduct after the perched water table is absent [17].




2.1.3. Eucalyptus Tree Expansion


Farmers planted eucalyptus trees as a cash crop throughout the watershed, but mainly downslope. The wood was used for fuel and construction in nearby towns. Farmers recognized that eucalyptus decreased soil saturation and prevented gully formation [24].




2.1.4. Experimental Fields


The experimental fields were selected based on landscape position. Three fields were selected from each landscape position to represent the whole landscape unit. The two consecutive infiltration furrows bounded the fields with bunds. The length of the bunds in which we installed V-notch weirs was 51 m, 47 m, and 51 m in the upslope; 46 m, 38 m, and 49 m midslope; and 45 m, 57 m, and 48 m in the downslope positions. The area of each experimental field is given in Table 1. The total area upslope was 3700 m2, midslope 3800 m2, and downslopes 1500 m2. All the experimental fields were constructed starting at the beginning of July 2017. Measurements began in July 2017 and 2018 before any runoff was observed. The fields were not disconnected from the surrounding area, and we tracked the contributing areas using GPS. The runoff was directed to the V-notch weirs through the infiltration furrows after being reshaped to their original size (Figure 2).



All fields were cultivated to a 10–15 cm depth with the traditional Maresha plow by farmers. In the upslope, teff was grown on two out of the three experimental fields and finger millet on the third in both years (Table 1). The average slope of upslope fields was 5%. In the midslope, two of the experimental fields were cropped with teff and one with wheat. Slopes ranged from 10 to 19%, with an average slope of 14%. The annual crops in the downslope experimental fields were teff, with an average slope of 6% in the downslope (Table 1).





2.2. Data and Methods


Precipitation: The daily rainfall was recorded with an automatic tipping-bucket rain gauge installed at the watershed center at 37°25′21″ E and 11°21′31″ N. Precipitation was measured during the rainy season of 2017 and 2018 from June to October). Data from the nearby Adet Agricultural Research Center, 7 km south of the watershed, was used to fill the three days with missing data in 2017.



Surface runoff: The surface runoff was measured by installing 60-degree V-notch weirs made of metal sheets in the three topographic positions for the rainy season of 2017 and 2018 (Figure 1). Three V-notches were installed in each topographic position in the experimental fields at the outlet of the infiltration furrows at the lowest point of the field (Figure 2). The duration at a particular depth and the depth of flow over the furrows were measured manually. The runoff started relatively late the third week of July due to the eucalyptus trees in the watershed that dried out the soil during the dry phase and delayed saturation compared to earlier years [24,25]. In both study years, the data collection started on 21-June and stopped when the rainfall ceased in September.



The discharge over the V-notch weirs was calculated using the V-notch equation [30].


  Q =  8  15   C d   2 g     t a n   (  θ 2  )  h  2.5      



(1)




where Q is the discharge in m3 s−1, θ is V-notch angle between the sides, g is the gravitational acceleration, h is the head above the vertex of the V-notch weir in cm, and Cd is discharge coefficient. The discharge coefficient (Cd) was [31].


  C d =   0.585     ( t a n   θ / 2 )   0.004    h  0.03        



(2)







The depth of surface runoff was calculated by dividing the runoff volume by the size of the field. Runoff from all the fields was measured only during the daytime due to difficulties reading the water table heights when dark.



Groundwater table depth: Twelve piezometers were installed in the July 2018 rain phase based on topographic positions, two in the upslope (P1–P2), four in the midslope (P3–P6), and six in the downslope (P7–P12) portions of the watershed (Table 1). Piezometers were made of PVC pipes with a diameter of 5 cm. Holes were drilled in the bottom 30 cm and wrapped with filter fabric to prevent soil entering. Water table depth was measured manually at 6:00 in the morning each day. Piezometers were located at 5 m distance upslope and downslope of the V-notch weirs from experimental fields. Measurements started in July 2018.



Infiltration: The infiltration rate was measured by a Guelph permeameter (Figure 3) that measures the rate of infiltrating water under a slightly negative pressure [32]. Measurements continued until three consecutive readings at 2-min intervals were the same, indicating that steady state was reached. These infiltration measurements included locations measured near the V-notch weirs. Measurements were done on 16 August 2018.



Data analysis: The Spearman rank correlation was used to quantify the relation between groundwater table and surface runoff, rainfall versus runoff, and rainfall intensity versus runoff. The correlation coefficient (r) varies between 1 and −1, with values close to zero indicating no correlation and values near 1 or −1 showing a strong correlation. Analysis of variance (ANOVA) was used to analyze the differences between the landscape positions in terms of hydrological response. Rainfall-runoff and water table depth versus surface runoff were plotted with time to explain the results graphically.





3. Results


3.1. Precipitation


Total precipitation for the 2017 rainy season was 1040 mm, and in 2018, 980 mm. The maximum daily rainfall was 65 mm d−1 on 08 August 2017. In 2018, the maximum was 60 mm d−1 on 16 August 2018. The maximum hourly rainfall intensity was 38 mm h−1 in 2017 and 25 mm h−1 in 2018.




3.2. Surface Runoff


The cumulative rainfall and runoff coefficients for each daytime storm are shown in Figure 4. The annually averaged runoff coefficients for the observed runoff events of the individual fields and averaged per slope position are shown in Table 2. The runoff per storm for the downslope fields was significantly greater than the upslope and midslope fields (p < 0.05). Although the runoff coefficients were not significantly different between up and midslope, the number of runoff events at the midslope in 2018 was approximately half of that in the upslope, indicating that the steeper midslope had less runoff than the flatter upper part (slopes of the land are given in Table 1). In the dryer 2018, the runoff coefficients were generally less than in 2017 in the upslope and downslope fields but not in the midslope (Figure 4). Runoff started earlier on more fields upslope than the downslope fields.




3.3. Groundwater Table Depth


Perched groundwater tables were monitored daily during the 2018 rain phase starting on 22 July. By that date, the groundwater downslope was less than 1 m from the surface; at midslope, it was 1 to 1.5 m below the surface, and upslope the groundwater was around 2 to 2.6 m deep. The water level in all downslope piezometers (P8–P12) had reached the soil surface on 26 July. P11 started to decrease on 15 August. Others at various times after that. P10 and P12 were the last ones to decline around 25 September. The water table in the midslope and upslope positions reached its maximum on 17 and 18 August 2018 (Figure 5). The variability in water table depths in the midslope region was the greatest. After a period without significant rainfall, the water table decreased. The variability in water table depths was the least in the downslope position since the soil surface limited it. Here, when the storage capacity of the profile was not sufficient, water flowed over the surface downhill.




3.4. Infiltration


Infiltration rates varied between 330 mm h−1 and 390 mm h−1 in the upslope and 27 mm h−1 to 90 mm h−1 in the midslope (Table 3). In the downslope positions, infiltration was zero (Table 3). The infiltration rates were affected by the water table height on the measurement date and would have been greater and only dependent on the soil texture when measured in the dry phase when the perched water table was absent.





4. Discussion


Below we discuss the relationship between the runoff coefficients, infiltration rates, groundwater depth, and slope position.



4.1. Relationship of Groundwater Table Depth, Slope Position and Distance from the Divide


In Figure 6, the averaged groundwater table depth was plotted for each of the three slope positions. The ANOVA indicated that the difference in average water table depth among slope positions was statistically significant. The average water table depth in the upslope piezometers was 95 cm; midslope piezometers had an average depth of 82 cm. The water level downslope piezometers were on average 30 cm from the surface (Figure 6). Upslope piezometers were an average of 80 m from the watershed divide. The distance from the divide was 210 m midslope and 420 m downslope.



The depth and the patterns of the groundwater varied at the three slope positions. As shown in Figure 6, the general trend of the water table was that it rose in July, reached its peak in August, and decreased in September following the decrease in rainfall. The downslope positions have nearly constant water table depth during the rain phase compared to the mid slopes (Figure 6) since any incoming flow increases the overland flow [33]. Water table depth patterns are similar to those in the humid Ethiopian highlands [6,23,33,34]. Compared to the humid highlands, the water table comes for fewer locations in the semi-arid highlands and shorter times to the surface in the rain phase [11,35].



It was previously shown that water table height is directly proportional to the recharge over the travel time from the watershed divide to the piezometer divided by the drainable porosity [17,36]. The studies confirm the importance of travel time on groundwater behavior [17]. The upslope piezometers had the shortest travel time, the water table exhibited short-term fluctuations and was farthest from the surface (Figure 5). The midslope piezometer had a longer travel time, damping short-term fluctuation in rainfall and a shallower groundwater table. Finally, the downslope piezometers have the longest travel time and are, therefore, most dampened. Moreover, the water table rise is limited by the land surface [17,36,37].




4.2. Hydrological Correlation Analysis on Seasonal Averaged Data


4.2.1. Infiltration Rate as a Function of Groundwater Table Depth


We plotted both infiltration rates with the slope of the field and the water table depth. Both show a good correlation, but groundwater depth (Figure 7) was more relevant because groundwater depth plays an important role in soil saturation in the saturated excess runoff generating regions [2,14,15,23,38]. Interestingly, in other studies, the infiltration rate measurements in the Debre Mawi and other watersheds downslope are not zero but low. The difference is caused by how the infiltration rates were measured. This study uses the Guelph permeameter, where the water is applied under a small suction. For the ring infiltrometer, the applied water pressure is positive and equal to the height of the water level in the ring. Thus, for the ring infiltrometer, the water pressure is greater than the water in the soil, pushing the water in the soil and displacing water in the saturated soil. The displaced water will then flow downslope.



The positive relationship with groundwater depth can be explained by considering hydraulic gradient. The Guelph permeameter applies the water under suction. For an equilibrium soil profile (i.e., no water movement), the matric potential at the surface is equal to the groundwater depth. Assuming that the equilibrium soil profile is minimally disturbed by the infiltrating water, the suction at the wetting front of the water infiltrated from the infiltrometer is related to the depth of the groundwater minus the suction under which the water is applied. Hence, the flux is directly proportional to the distance to the water table for similar soils. Thus, as shown in Figure 7, for water tables at the surface, the infiltration is zero, and for the upslope fields, the infiltration rates were the greatest when the water tables were around 30 cm below the surface.




4.2.2. Interaction of Runoff with Rainfall Amount


The relationship between daily rainfall amount and daily surface runoff was weakly correlated with Spearman rank correlation (r) values of 0.26 downslope, 0.21 midslope, and 0.43 upslope. At first, the low correlations were unexpected because greater daily precipitation should result in more runoff. However, in the case of the Ethiopian highlands, where saturation excess runoff is common, the soil needs to become saturated before runoff occurs. After the ground becomes saturated, runoff is a function of the cumulative rainfall [1,2]. This phenomenon was well demonstrated at the downslope field (Figure 4). Once the runoff started, the runoff coefficients increased from zero to near one. Between storms, the uphill fields drain, keeping the downslope fields saturated with a smaller slope. This finding aligns with the report by [39], which identified that groundwater table depth is the major factor for the rainfall-runoff relationship. Groundwater table depth is directly related to landscape position.



In the second year, when the rainfall was less by 60 mm, the runoff coefficients were smaller for the upslope and downslope position than the wetter first year, but not for the middle positions (Table 2). Earlier studies in the Debre Mawi watershed [22,23,24,33] have shown that the water balance did not close, and thus water left the watershed other than through the gauge. It was likely through fractures [40,41]. Assuming the subsurface flow was independent of the rainfall during the rain phase, this could explain the smaller runoff coefficients for the fractured downslope and upslope regions, but not for the midslope fields that were located in the region with the volcanic dikes, forcing the fractured flow to the surface [33].





4.3. Effect of Slope Position and Soil Type on Runoff and Infiltration Capacity


Nitisols (classified as clay loam) in the upslope position of the watershed is well-drained and permeable. The nitric-vertisols (classified as clay soil) dominant in the midslopes are shallower than the upslope and downslope soils. The downslope soils are vertisols (heavy clay), which, despite more than 91% clay, have a high infiltration rate when dry because they have a large crack network that allows water infiltration. Gerda [42] also noted that dry soils with cracks have a greater infiltration rate than wet soils. Early rainfalls, therefore, did not cause runoff from these vertisols. Only after they became wet and the water table was near the surface, infiltration rate was low, or zero, and nearly all rainfall ran off (Table 2 and Table 3). Similarly, the runoff was negligible at the beginning of the rain phase in the upslope with nitisols and the midslope with nitric-vertisols. Runoff coefficients increased after the soils wetted up (Table 1 and Table 2; Figure 4).




4.4. Interaction of Land Use and Slope Position with Runoff


An ANOVA was calculated to investigate the effect of crop type and slope position on runoff based on the storm runoff values. Upslope, the runoff coefficients of finger millet and teff (Table 1 and Table 2) were not significantly different (p = 0.21). Similarly, midslope runoff coefficients for teff (V4 and V6, Table 1 and Table 2) and wheat (V5, Table 1 and Table 2) did not differ significantly. In contrast, the runoff coefficients of teff upslope (V1 and V2, Table 2) were significantly less than downslope (V7–V9, Table 2 (p = 0.02.)). Commonly it is assumed that infiltration excess depends on land use and not on slope position.



Consequently, our results were opposite infiltration excess behavior. Another study in the Ethiopian highlands 500 km east from the current site also concluded that topography controlled the amount of discharge compared to ecological factors [6]. Savenije [10] opinionated that runoff was topographically driven. These findings are especially important for modeling studies that base their runoff prediction on the SCS curve number approach, where the curve number is a function of the crop grown [14].





5. Conclusions


Topographic positions control the hydrological processes and hence the sources of hydrologic variability in agricultural watersheds in the Ethiopian (sub) humid highlands. The surface runoff, groundwater table depth, and soil type are highly linked with the topographic position of a landscape unit. During the rain phase, the groundwater table was deeper in the upslope, shallower in the midslope, and at the surface in the downslope positions in the humid Debre Mawi watershed. The infiltration rate was high upslope, low in the midslope, and zero in the downslope. Runoff coefficients were greater downslope than midslope and upslope. This study suggests that the implementation of landscape-specific soil and water conservation practices in the sub-humid and humid Ethiopian highlands should be based on slope position. In addition, parameterization of models should take into account that downslope fields produce greater amounts of runoff after the soils become saturated.
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Figure 1. The Debre Mawi watershed in northwest Ethiopia. (a) Ethiopia; (b) Debre Mawi watershed with V-notch weirs (V1–V9) to measure runoff, perched groundwater depth, and infiltration rate measuring sites are near V-notch weirs; (c) digital elevation map. 
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Figure 2. A typical triangular V-notch weir installed on the infiltration furrows at upslope positions of the Debre Mawi watershed. 
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Figure 3. Field measurements of infiltration rate using a Guelph permeameter. 
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Figure 4. Cumulative precipitation and the runoff coefficients of the individual storms for the upslope, midslope, and downslope positions in the 2017 and 2018 rain phases. The symbols indicate the runoff coefficients for the upslope (a) in 2017 and (b) in 2018; the midslope (c) in 2017 and (d) in 2018 and downslope (e) in 2017 and (f) in 2018. 
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Figure 5. Water table depth for the slope positions in the Debre Mawi watershed. 
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Figure 6. Average groundwater table depth for the upslope, midslope, and downslope positions of the Debre Mawi watershed in the 2018 rain phase. The water table measurements started on 22 July 2018. 
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Figure 7. Infiltration rate vs. groundwater table depth in the Debre Mawi watershed. Groundwater table depth values taken on the same date with infiltration rate are plotted. 
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Table 1. Attributes of experimental fields in the Debre Mawi watershed. P1–P12 piezometers installed to measure water table depth at several V-notch weirs.
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	Field ID

(Piezometer)
	Topographic

Position
	Area (m2)
	Slope (%)
	Soil Type
	Crop Grown
	Bund Length (m)





	V1 (P1–2)
	upslope 1
	2200
	6
	Nitisols
	teff
	51



	V2
	upslope 2
	600
	4
	Nitisols
	teff
	47



	V3
	upslope 3
	900
	5
	Nitisols
	Finger millet
	51



	V4 (P3–4)
	midslope 4
	2400
	10
	Nitic-Vertisols
	teff
	56



	V5 (P5–6)
	midslope 5
	800
	12
	Nitic-Vertisols
	wheat
	18



	V6
	midslope 6
	600
	19
	Nitic-Vertisols
	teff
	49



	V7 (P7–8)
	downslope 7
	400
	5
	Vertisols
	teff
	35



	V8 (P9–10)
	downslope 8
	500
	6
	Vertisols
	teff
	37



	V9 (P11–12)
	downslope 9
	600
	6
	Vertisols
	teff
	28
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Table 2. Average annual runoff coefficients during the rain phase for the upslope, midslope, and downslope topographic positions in the Debre Mawi watershed in 2017 and 2018. The average runoff coefficient for each slope position was obtained by averaging all storms on the three fields for the slope position. Runoff started on 29 June 2017 and 8 July 2018.
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Topographic Position

	
Runoff Coefficient




	
2017

	
2018

	
Average






	
upslope V1

	
0.39

	
0.14

	
0.28




	
upslope V2

	
0.51

	
0.15

	
0.25




	
upslope V3

	
0.43

	
0.31

	
0.34




	
upslope average

	
0.44

	
0.21

	
0.29




	
midslope V5

	
0.35

	
0.42

	
0.39




	
midslope V6

	
0.2

	
0.31

	
0.25




	
midslope average

	
0.27

	
0.31

	
0.29




	
downslope V7

	
0.86

	
0.62

	
0.71




	
downslope V8

	
0.89

	
0.59

	
0.69




	
downslope V9

	
0.89

	
0.78

	
0.85




	
downslope average

	
0.88

	
0.63

	
0.73
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Table 3. Infiltration rate and groundwater table depth measured on 16 August 2018 in the Debre Mawi watershed.
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	Topographic Position
	Infiltration Rate (mm h−1)
	Water Table Depth from the Surface (cm)





	upslope V1
	330
	31



	upslope V2
	390
	27



	upslope V3
	330
	21



	midslope V4
	90
	17



	midslope V5
	30
	13



	midslope V6
	27
	8



	downslope V7
	0
	0



	downslope V8
	0
	0



	downslope V9
	0
	0
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