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Chapter 3 

Runoff response and sediment yield of a tropical grassland micro-

catchment before and after typhoon passage2  

 

ABSTRACT: Decades of logging and slash-and-burn agriculture have turned vast tracts of 

land in tropical South-east Asia into unproductive fire-climax grasslands whose hydrological 

functioning is poorly known. To help fill this knowledge gap, and to serve as a baseline for 

studying the hydrological impacts of grassland reforestation, a 3.2 ha landslide-affected 

Imperata grassland micro-catchment with perennial flow on Leyte Island (Philippines) was 

instrumented and monitored for a year. The area was hit by typhoon Haiyan on 8 November 

2013, one of the largest events on record. Landslide surfaces covered 3.4% of the catchment 

prior to typhoon Haiyan and contributed to ‘direct runoff’ (Qq). This basic ‘contributing area’ 

increased to 7.7% by activation of old landslides and formation of new ones during typhoon 

Haiyan. Median storm runoff coefficients (Qq/P) based on straight-line hydrograph separation 

were 9% and 23% before (48 events) and after the typhoon (43 events), respectively, but the 

ratios of period-total Qq and P were much larger (24% and 47%, respectively). Both storm 

runoff volumes and peak discharge increased rapidly once a mid-slope water storage 

threshold for the upper 60 cm of soil of 250 mm was exceeded. Storm runoff contributions 

above those generated on landslides were most likely in the form of overland flow given the 

prevailing very low soil hydraulic conductivities. Post-typhoon water use of the heavily 

disturbed vegetation was reduced initially by nearly 70%, recovering to nearly 80% of the 

pre-typhoon value after ~3 months. The high annual sediment yield (~27 t ha-1) was heavily 

dominated by post-Haiyan sediment transport (94%); bedload contributed ~8% of the total 

sediment yield. 

  

                                                           
2 This chapter is based on Zhang J, van Meerveld HJ, Tripoli R, Bruijnzeel LA. 2018. Runoff response and 
sediment yield of a landslide-affected fire-climax grassland micro-catchment (Leyte, The Philippines) before 
and after passage of typhoon Haiyan. Journal of Hydrology (accepted manuscript). 
DOI:10.1016/j.jhydrol.2018.08.016 
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3.1 INTRODUCTION 

   Swidden cultivation (also called slash-and-burn agriculture; Brady, 1996) is considered to 

be responsible for as much as 60% of tropical deforestation (Geist and Lambin, 2002). 

Although the importance of swidden cultivation has declined in recent years (Ziegler et al., 

2009; Van Vliet et al., 2012), the frequent use of fire and a gradual shortening of the fallow 

period (sometimes to as little as 3–5 years) under high population pressure has created 

extensive tracts of largely unproductive fire-climax grassland, both in the Palaeo-tropics 

(Garrity et al., 1997; Styger et al., 2007) and the Neo-tropics (Aide and Cavelier, 1994; 

Hooper et al., 2005). Despite their considerable spatial extent (an estimated 35 million ha in 

South- and South-east Asia alone in the 1990s; Garrity et al., 1997), very few hydrological 

studies have focused on these Imperata- and Saccharum-dominated tropical grasslands, 

particularly in terms of runoff processes at the catchment scale. Waterloo et al. (1999) 

showed that the water use of a seasonally dormant, non-grazed fire-climax grassland in the 

Fiji archipelago followed the seasonal pattern of leaf surface area and was much lower than 

evapotranspiration from nearby pine plantations, suggesting grassland soils may be wetter 

and thus hydrologically more responsive than forest soils. In addition, soils of fire-climax 

grasslands can be water-repellent because of repeated burning, and compacted when grazed 

(Jasmin, 1976; Snelder, 2001a,b; Starkel and Singh, 2004). This may lead to enhanced 

overland flow (Chandler and Walter, 1998) and surface erosion (Concepcion and Samar, 

1995). In the Philippines (where Imperata grasslands are referred to as cogon), more than 

two-thirds of the 6.5 million ha under fire-climax grassland in 1990 were considered to suffer 

moderate to severe erosion rates (Concepcion and Samar, 1995). Partly in response to such 

problems, the Philippine Government launched an ambitious ‘National Greening Program’ in 

2011 targeting the planting of 1.5 billion trees on 1.5 million ha of degraded land (much of it 

under cogon and shrub) during an initial period of six years (Aquino and Daquio, 2014; cf. 

Ancog et al., 2016).  

   There is typically an increase in the incidence of shallow (< 2–3 m) landslides on tropical 

steeplands a few years after deforestation, when the extra hillslope strength formerly 

imparted by the roots of the trees starts to decline (O’Loughlin, 1984; cf. Rabonza et al., 

2015), particularly in areas characterized by seasonally high rainfall, steep slopes, a regolith 

overlying impermeable rock, and significant tectonic activity (Scatena et al., 2005; Sidle et 

al., 2006; Lin et al., 2008; Wu and Chen, 2009). Thus, sediment yields from (fire-climax) 

grassland catchments subject to landsliding can be much enhanced (cf. Page et al., 1994; 
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Trustrum et al., 1999), even when contributions by surface erosion are modest (Jasmin, 1976; 

Starkel and Singh, 2004). Such findings are especially pertinent in the Philippines, which are 

located in one of the world’s premier cyclone-generating areas (García-Herrera et al., 2007), 

and where about 30% of the annual precipitation is received during the passage of tropical 

cyclones and depressions (Cinco et al., 2016). Annual sediment yields from upland 

catchments in the Philippines and similar settings (e.g. Taiwan) are heavily dominated by 

sediment generated during such extreme events (White, 1990; Lin et al., 2008). Therefore, in 

view of: (i) the general lack of catchment-scale hydrological and sediment yield studies for 

tropical fire-climax grasslands (cf. Daño, 1995); (ii) the importance of such data as a baseline 

for future evaluation of reforestation impacts; and (iii) the expected intensification of extreme 

events in the region due to continued oceanic warming (Balaguru et al., 2016), we monitored 

key hydrological variables in a landslide-impacted cogon grassland micro-catchment (3.2 ha) 

with perennial streamflow near the village of Basper near Tacloban City (north-eastern Leyte 

Island, Eastern Visayas, the Philippines) for a year. Measurements included continuous 

observations of rainfall, streamflow, soil moisture and shallow groundwater levels, with the 

aim to quantify: (i) the grassland’s runoff response to rainfall (including extreme events); (ii) 

the role of landslides with respect to stormflow generation and sediment supply; and (iii) the 

water budget of a cogon grassland. During the study year, the catchment was hit by typhoon 

Haiyan, one of the largest events on record in the region, delivering more than 200 mm of 

rain within several hours (Nguyen et al., 2014). This provided an opportunity to study the 

effect of this extreme event and associated landsliding on catchment-scale runoff production 

and sediment yield. Very low surface- and near-surface saturated soil hydraulic conductivities 

were found for the Basper grassland, as well as high top-soil moisture contents during months 

with peak rainfall (Chapter 2). Such conditions are conducive to the generation of both 

infiltration-excess (IOF) and saturation-excess overland flow (SOF; Bonell, 2005). 

Specifically, we hypothesized that: (i) cogon runoff response to rainfall is ‘flashy’ due to the 

prevailing low soil infiltration capacity and high soil water content; (ii) landslides constitute a 

significant source of direct runoff during rainfall events; and (iii) extreme events like typhoon 

Haiyan increase the number of landslides, thereby enhancing overall catchment runoff 

response and, especially, sediment yield.  
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3.2 STUDY AREA 

   The south-facing 3.2-ha headwater Basper micro-catchment is located 14 km west of the 

city of Tacloban at 11°15'28" N and 124°57'22" E. Elevations range from 50–135 m a.s.l. The 

upper slopes are straight to slightly concave, while the lower slopes steepen towards the 

stream. The average slope is ~23°. Landslide scars are prominent in the landscape (Figure 

3.1).  

   The climate is tropical ever-wet (Köppen-type Af). Mean annual rainfall at nearby Tacloban 

Airport (1977–2011) is 2660 mm (range: 1435–4790 mm), distributed over on average 195 

rain days (i.e. ≥ 0.5 mm of rain per day) per year. Although there is no clearly defined dry 

season, average rainfall from November to January (> 350 mm mo-1) is higher than for April–

May (> 100 mm mo-1). Typhoons and tropical storms occur regularly in the area (Cinco et al., 

2016). Seasonal variation in monthly temperatures at Tacloban Airport is small, ranging from 

25.7 °C in January to 28.1 °C in May, as are seasonal variations in average daily relative 

humidity (81–86%) and average monthly wind speeds (1.5–2.4 m s-1). Average daily 

reference evaporation rates (Allen et al., 1998) computed from basic climatic data for 

Tacloban Airport range between 3.0 mm d-1 for December and 4.8 mm d-1 for April.  

   The vegetation in the micro-catchment consists of cogon grass (Imperata cylindrical (L.) 

Beauv.) on the ridges (and a few isolated coconut trees; Figure 3.1a) and upper slope areas, 

with sedges (Cyperus sp.) being numerous in less well-drained parts. The mid-slopes have 

mixed grassland and low shrub (<1.5 m high; mostly Melastoma malabathricum (L.) Smith 

and Chromolaena odorata (L.) R.M. King & H. Robinson), while shrubs and young trees 

(<2–3 m high; mostly Neonauclea lanceolate (Blume) Merr. and Leukosyke capitella Wedd.) 

are common on the lowermost slopes near the streams, along with a few remnant planted 

Acacia mangium Willd. trees (Figure 3.1a). Although regularly burned in the past, the Basper 

study site had not experienced any fire since 2003 and young regenerating forest occupied an 

estimated 4500 m2 in the central portion of the micro-catchment, representing ~14% of the 

total area. On 8 November 2013 the area was hit severely by typhoon Haiyan, one of the 

largest events on record, which effectively defoliated all shrubs and saplings (Figure 3.1b) 

and buried the foot-slope vegetation with landslide material in some places. The pre-typhoon 

leaf area index of the riparian vegetation (26 measurements made in August 2013 at 5-m 

intervals in the riparian zone using a CID Bio-Science CI-110 Plant Canopy Imager) was 1.6 

± 1.0 m2 m-2.    
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Figure 3.1 General view of the Basper micro-catchment: (a) before and (b) after passage of 
Typhoon Haiyan on 8 November 2013. Photographs taken by J. Zhang on 1 July and 27 
November 2013, respectively. 

   The underlying mafic rock (gabbro) belongs to the Tacloban ophiolite complex (Dimantala 

et al., 2006). Soils are classified as Eutric Cambisols with a predominantly clay loam texture 

(upper 0.9 m) grading to sandy clay loam at greater depth. Median values (± median absolute 

difference MAD) of soil organic carbon content declined with depth from 2.3 ± 0.7% at 10 

cm to 1.0 ± 0.3% at 20 cm and ≤ 0.5 ± 0.1% below 40 cm (cf. Chapter 2). Similarly, median 

soil porosity decreased with depth from 51 ± 7% (10 cm) to 47 ± 4% (20 cm) and 42 ± 1% 
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below 60 cm, while median bulk density increased from 1.14 ± 0.08 g cm-3 (10 cm) to 1.33 ± 

0.05 g cm-3 (40 cm) and 1.38 ± 0.07 g cm-3 deeper in the profile (60–100 cm). The median 

value of the final surface infiltration rate as determined with a portable double-ring 

infiltrometer (n = 13) was 2.1 ± 0.7 mm h-1, while median field, saturated soil hydraulic 

conductivities (Ksat) (n = 47) determined with a constant-head well permeameter (Amoozegar, 

1989) were 2.85 ± 1.80 mm h-1 at 20–40 cm depth (inter-quartile range: 0.8–6.6 mm h-1) and 

≤ 1 mm h-1 (IQR: 0.1–1.8 mm h-1) below 60 cm (see Chapter 2 for details). 

3.3  METHODS 

3.3.1 Field measurements  

3.3.1.1 Hydrological monitoring  

   Field measurements were made between June 2013 and 2014. Rainfall (P) was measured 

using two tipping-bucket rain gauges (RG3, Onset Computer Corporation, USA; 0.25 mm per 

tip, confirmed by manual calibration) connected to a HOBO Pendant event data-logger; one 

gauge was located in the open below the outlet of the catchment and the other on the upper 

western ridge of the catchment (Figure 3.2). A standard manual rain gauge (100 cm2 orifice) 

was placed next to the tipping-bucket gauges and read every morning as a check. Daily 

rainfall totals for the two recording gauges were strongly correlated (R2 = 0.99; n = 113 rain 

days with P ≥ 0.5 mm) and occasional gaps in the record of either gauge were filled using the 

data for the other gauge (e.g. during typhoon Haiyan and the subsequent 11-day period when 

only the more sheltered lower gauge was functioning). Although wind speeds were measured 

at the site of the upper recording gauge (see below) between 8 July and 8 November 2013 

(when the instrument was destroyed during the passage of typhoon Haiyan), no corrections 

were made for wind-related under-estimation of rainfall since wind speeds were generally 

low and the application of correction methods (e.g. Førland et al., 1996) for the extreme wind 

speeds encountered during the Haiyan event (up to 315 km h-1; Rabonza et al., 2015) leads to 

unverifiable and uncertain corrections. Instead, the catch of a recording cylindrical fog gauge 

(located at site S1) having a 100% catch efficiency for near-horizontal wind-driven rain 

(Frumau et al., 2011) was used to estimate extra inputs of near-horizontal rainfall during the 

Haiyan event. Because the catch efficiency of live vegetation is smaller than that of the type 

of fog gauge employed (Bruijnzeel et al., 2005), it is acknowledged that such an estimate will 

represent a maximum value. 
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Basic climate variables for the computation of reference evapotranspiration ET0 (Allen et 

al., 1998) for use in the HBV-light modeling (see below) were measured by an automatic 

weather station (DWS, Decagon, U.S.A.) located at site S1 from 8 July 2013 onwards. Short-

wave radiation was measured by a pyranometer, temperature and relative humidity by sensors 

placed within a radiation shield at 2 m from the ground, and wind speed by a cup 

anemometer, also at 2 m. All data were recorded at 5-min intervals by a Decagon EM50G 

data-logger. The anemometer was destroyed during passage of typhoon Haiyan. Henceforth, 

wind speeds were approximated using corresponding long-term averages for the respective 

months as measured at Tacloban Airport (Pagasa Weather Office, Tacloban).  

   Streamflow (Q) was measured using a sharp-crested compound weir consisting of a 0.55 m 

high 90° V-notch and a horizontal beam extending 0.5 m to each side from the edge of the V-

notch (Supporting Figure 3.1). Water pressures were measured at 5-min intervals using a 

HOBO U20 logger. Atmospheric pressure was measured using a HOBO U20 logger in a hut 

located ~100 m from the weir and used to calculate the water levels from the water pressure 

measurements. The standard V-notch weir equation (Bos, 1989) was checked through 

streamflow measurements (volumetric measurements below 4.4 l s-1 (staff heights < 0.3 m) 

and the velocity-area method at stages up to 0.55 m using a Price Type-AA current-meter). 

Water levels exceeded the shoulder of the V-notch during 22 storm events (in total 48.7 h or 

0.4% of the total study time) and for these conditions the Bergmann compound weir equation 

as given by USBR (1997) was used to calculate streamflow. Water level data were 

incomplete for 52 days (14% of the total time) due to equipment malfunctioning, amongst 

others during the 15-day period immediately following typhoon Haiyan. With the exception 

of the latter period, the calibrated HBV model (Bergström, 1992, 1995), as implemented in 

the HBV-light version of Seibert and Vis (2012), was used for gap-filling (see streamflow 

gap-filling section below for details). 

   Suspended sediment concentrations (SSC) of the stream water were determined for samples 

collected during the rising stage of 34 events using up to eleven 400 ml water bottles 

equipped with a siphon-shaped air exhaust (Schick, 1967) with their apertures placed at 

successively greater heights (8–52.5 cm above the lowermost point of the V-notch; see inset 

Supporting Figure 3.1). Bottles that filled during an event were replaced by clean empty ones 

(generally the next day). In addition, during several large events in the pre-Haiyan period, 

water samples were also collected manually using 500 ml sampling bottles, both during 

rising- and falling stages. Manual samples were not collected during the post-Haiyan period. 
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In total 275 samples of suspended sediment in streamflow were collected during stormflow 

conditions: 229 using the single-stage samplers and 46 manual samples. All samples were 

filtered in the laboratory at Visayas State University (first through Whatman Grade 589/2 

standard filter paper (4–12 µm) and subsequently through Millipore 0.45 μm filters). The 

residues were oven-dried for 24 h at 105 °C and weighed to the nearest 0.001 g to give SSC 

in mg l-1. SSC-values were linked to the streamflow at the time that the bottle filled to derive 

separate sediment rating curves for pre- and post-Haiyan conditions and to allow estimation 

of suspended sediment transport from the continuous streamflow record (Walling, 1977; 

White, 1990). It is acknowledged that the use of (mostly) rising-stage samples normally leads 

to an over-estimation of the suspended sediment load because of the generally higher SSC 

during rising-stage conditions (Walling, 1977). However, because values of SSC obtained 

with the single-stage samplers were intermediate between those of manually collected rising- 

and falling-stage samples (see section on sediment yield below), we assume that this over-

estimation is relatively minor.  

   The electrical conductivity (EC) of the stream water was measured at 5-min intervals using 

a HOBO U24 conductivity logger installed next to the water level sensor (cf. inset Supporting 

Figure 3.1). The EC-data were regularly checked against manual measurements made with a 

CyberScan PC300 pH/Conductivity/TDS Meter (ENVCO, Australia). 

   Bedload accumulation (BL) behind the weir was determined volumetrically at irregular 

intervals (n = 6) by removing the sediment using a bucket of known volume. Sediment 

volumes were converted to oven-dry weights using the mean bulk density of the bed material 

(estimated at 1.2 g cm-3; Rijsdijk and Bruijnzeel, 1990). Seasonal and annual totals were 

obtained by summing individually measured values. The sediment volume accumulated 

between 10 February and 2 June 2014 (end of observation period) was estimated by 

multiplying the average bedload ‘concentration’ per mm of stormflow (based on constant-

slope hydrograph separation, see Section 3.3.3.1. below) during January 2014 (n = 3) times 

the total stormflow between the above two dates. 

   Volumetric soil moisture content (θ) was monitored at a 5-min interval at two locations in 

the micro-catchment (sites S1 and S2 in Figure 3.2). At site S1, on the western ridge (a 

mixture of cogon grass and sedges), Decagon EC-5 Moisture sensors were installed at depths 

of 0.15, 0.35, and 0.50 m below the surface and connected to a Decagon EM50 data-logger. 

At site S2 (cogon grassland at mid-slope position), six MP-306 sensors (ICT International, 
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Australia) were installed at depths of 0.1, 0.2, 0.4, 0.6, 0.8, and 1.1 m. The sensors were 

connected to an ICT International Microvolt data-logger.  

   Shallow groundwater levels were measured in four piezometers installed at the soil-bedrock 

interface (Figure 3.2). Piezometers G1 (left bank, 0.9 m deep) and G2 (right bank, 2.65 m 

deep) were located in the young regenerating forest area close to the stream (about 6 m 

upstream of the weir), while the third (site S2, 2.6 m deep) and fourth (site S1, 1.7 m deep) 

piezometers were located at the mid-slope (cogon grass) and upper ridge (cogon plus sedges) 

soil moisture measurement sites, respectively. Groundwater levels were measured manually 

once per week at piezometers G2, S1 and S2, and at 5-min intervals at piezometer G1 using a 

HOBO U20 water-pressure logger. 

3.3.1.2 Landslide surveys 

   A landslide survey was conducted in August 2013 to map all landslides within the micro-

catchment that, based on visual evidence during rainfall events, likely contributed directly to 

storm runoff. For each landslide, the slopes of the slip face and side-slopes were measured at 

regular intervals along the longitudinal profile using a clinometer to determine the projected 

landslide surface area (Dunne, 1977). The survey was repeated in December 2013 after 

typhoon Haiyan had reactivated some old landslides and created several new ones (Figure 

3.2). 

Figure 3.2 Basper micro-catchment: drainage network, locations of landslides, soil profiles 

and soil hydraulic conductivity measurements, and hydrological instrumentation. 
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3.3.2 Streamflow gap-filling 

   Simulated streamflow was used for the 52 days during which water-level data were 

incomplete. Total rainfall during these days was 193 mm. The HBV-light model of Seibert 

and Vis (2012) was calibrated using 5-min rainfall and streamflow data by maximizing the 

value of the objective function that gave equal weight to the Nash-Sutcliffe Efficiency (NSE) 

and the NSE for the log-transformed streamflow to avoid bias towards the more uncertain 

high streamflow values. We used 100 independent model calibration trials (each consisting of 

3500 model runs) to derive the 100 optimum parameter sets using the gap optimization 

algorithm in the model. The model was calibrated separately for the pre- and post-Haiyan 

period. A three-week warming up period (3–23 June 2013) was used for the pre-Haiyan 

calibration (24 June–5 November 2013), while the period between 3 June and 22 November 

2013 was used as the warming up period for the post-Haiyan calibration (23 November 

2013–10 June 2014). To fill gaps in the streamflow record (Figure 3.3) for all times, except 

during and directly after typhoon Haiyan (8–22 November 2013), the 25 best parameter sets 

for either period were selected (having average combined objective function values of 0.82 

and 0.81 for the pre- and post-Haiyan period, respectively). Because HBV-modeled 5-min 

streamflows were 7% and 16% lower than observed values on average during the respective 

periods (Supporting Figure 3.2), the gap-filled streamflow data were increased 

proportionately. Modeled streamflow totals for the gap filling during the pre-Haiyan period 

amounted to 9 mm versus 27–28 mm during the wetter post-Haiyan period, representing 

~2.5% of the streamflow total (i.e. observed plus gap-filled) in both cases.  

   The period during and directly after typhoon Haiyan (8–22 November 2013) was not 

included in the above model calibrations due to the absence of measured streamflow data. 

Because the model tended to under-estimate the peak streamflow during other very large 

events, we did not use the simulation results for gap-filling during this period. Instead, a 

simplified approach was used to estimate daily streamflow totals. First, daily stormflow totals 

(Qq) were estimated from a polynomial relationship linking daily P and Qq during the post-

Haiyan period (R2 = 0.99; n = 43). Corresponding daily baseflow amounts Qb were estimated 

using the master recession curve (see description below) and the estimated baseflow for 8 

November 2013 (determined as the difference between total precipitation input and Qq for 

that day) as the starting point. Baseflow for the period 20–22 November was estimated by 

backward extrapolation of the measured recession for 23–25 November. 
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3.3.3 Data analysis 

3.3.3.1 Stormflow separation and recession analysis 

   To separate stormflow from baseflow during rainfall events, the constant-slope method of 

Hewlett and Hibbert (1967) was used. The following criteria were used to select rainfall 

events for stormflow analysis: (i) gross P per event ≥ 5 mm; (ii) the event was preceded by a 

rain-free period of ≥ 6 h; and (iii) complete rainfall and streamflow observations at 5-min 

intervals were available. Based on these criteria, there were 48 rainfall events prior to 

typhoon Haiyan (median event size: 14 mm; maximum: 154 mm) and 43 rainfall events after 

typhoon Haiyan (median: 17 mm, maximum: 215 mm). Stormflow amounts determined in 

this way (Qq, in mm) were also expressed in terms of their ‘minimum contributing area’ 

equivalent (MCA, expressed in ha; Dickinson and Whiteley, 1970). The MCA is defined as 

the minimum area that, contributing 100% of the effective rainfall it receives, would yield the 

measured storm runoff. As such, MCA = Qq/P × A (i.e. the event storm runoff coefficient 

times catchment area A in ha) and may be interpreted as the fraction of the catchment 

contributing the observed storm runoff (Dickinson and Whiteley, 1970). 

   Separate master recession curves were determined before and after catchment disturbance 

by typhoon Haiyan using the matching strip technique of Toebes and Strang (1964). 

Exponential curves were fitted to these master recession curves, while recession constants (k) 

for three superimposed reservoirs were derived according to linear reservoir theory (De 

Zeeuw, 1973; Chapman, 1999). Furthermore, using the method outlined by De Zeeuw (1973), 

both master recession curves were examined for downward deviations from the exponential 

decline in flow from the slowest reservoir. No such deviations were observed, indicating no 

detectable catchment leakage (see results below).  

3.3.3.2 Catchment water budget 

   Although shallow groundwater levels were measured in the four piezometers (see Figure 

3.2 for locations), changes in effective shallow catchment-wide groundwater storage G(t) 

were evaluated using the method of Chapman (1999) in which G(t) (in mm) at time t is 

approximated by: 

G(t) = –Q(t) / ln (k)     (Eq. 3-1) 

where Q(t) is the (base)flow rate at time t and k is the corresponding reservoir constant (day-

1). Eq. (3-1) was used to calculate the changes in shallow groundwater storage (ΔG) between 
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the start and end of the pre- and post-Haiyan runoff observation periods from the 

corresponding initial and final daily baseflow values. The associated changes in soil water 

storage (ΔS, mm) were derived from the integration of measured values of θ down to 60 cm 

at sites S1 and S2. Together with measured P and Q, this allowed estimation of catchment-

wide apparent evapotranspiration (ET) losses using the general water budget equation (ET = 

P – Q – ΔG – ΔS).  

3.3.3.3 Statistical analyses 

   Because of the disturbing effect of the typhoon on the catchment’s vegetation, a distinction 

was made between pre- and post-Haiyan conditions (called periods I and III, respectively). 

Period I lasted from 3 June–7 November 2013 (n = 158 days), while period III lasted from 23 

November 2013 to 3 June 2014 (n = 192 days). Period II (from 8‒22 November 2013, n = 15 

days) describes the period during and directly following typhoon Haiyan. Differences in the 

median runoff response to rainfall before and after disturbance by typhoon Haiyan were 

tested for significance using the Mann-Whitney-Wilcoxon test for pairwise comparisons 

between groups because the data were not normally distributed. A significance value of p = 

0.05 was used for all analyses. Statgraphic Centurion XVII version 17.2.00 software was 

used for all statistical analyses. 

3.4  RESULTS 

3.4.1 Seasonal rainfall and streamflow patterns 

   The daily rainfall inputs and streamflow outputs for the Basper micro-catchment between 3 

June 2013 and 2 June 2014 are shown in Figure 3.3. September and October 2013, as well as 

February, part of April, and May 2014 were relatively dry, whereas the period between 

November 2013 and January 2014 was particularly rainy. By far the largest event occurred on 

7–8 November 2013 when typhoon Haiyan passed over the catchment and delivered at least 

228 mm of rain (catch of lower rain gauge, uncorrected for wind-losses) plus up to 50 mm of 

wind-driven near-horizontal rain (catch of fog gauge cylinder at S1). Other very large rainfall 

events occurred on 28–29 June 2013 (154 mm), 10–13 January 2014 (195 mm) and 22–24 

March 2014 (209 mm). Periods with prolonged high streamflow were concentrated mostly in 

June 2013 and November 2013–January 2014 (Figure 3.3). Stream-water EC was greatly 

reduced during times of rainfall, while baseflow EC-values varied inversely with the amount 

of flow (Figure 3.3c). Although the range in average monthly EC-values during baseflow 
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conditions was nearly identical for the pre- (266–322 μS cm-1) and post-Haiyan periods (263–

330 μS cm-1), post-disturbance (period III) values of baseflow conductivities were higher 

throughout (p < 0.05), regardless of catchment wetness status.  

 

Figure 3.3 Seasonal variation of (a) daily rainfall, (b) daily streamflow, and (c) stream-water 
EC for the Basper micro-catchment between 3 June 2013 and 2 June 2014. The solid line in 
Figure 3.3b represents observed streamflow, the light-blue broken line marks gap-filled 
streamflow using the HBV-light model, while the dark broken line represents estimated 
streamflow based on a combination of the post-Haiyan master recession curve and the post-
Haiyan relationship between daily rainfall and daily stormflow. Note the use of a logarithmic 
scale for streamflow.  
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   Rainfall and streamflow totals for the entire study period (365 days) were ~3365 and ~1995 

mm, respectively (Table 3.1). Expressed on a daily basis, post-Haiyan rainfall (period III: 23 

November 2013–3 June 2014, average: 8.9 mm d-1) was 19% higher on average than before 

catchment disturbance (period I: 3 June–7 November 2013, average: 7.5 mm d-1). 

Corresponding average daily streamflow values nearly doubled (from 2.9 mm to 5.6 mm d-1). 

The flow duration curves for periods I (pre-Haiyan) and III (post-Haiyan) shown in Figure 

3.4 confirm the greater streamflow range during the post-Haiyan period. Expressing the 

‘flashiness’ of the flow as the ratio between the streamflows that were exceeded for 10% and 

90% of the time (F10/90), the post-disturbance F10/90 of 122 was nearly three times larger than 

the pre-disturbance value of 44 (Figure 3.4). Stormflow Qq made up a very large part of total 

runoff Qt: 56% for period I versus 68% for period III (Table 3.1 and Supporting Table 3.2). 

Total Qq for the study year amounted to 1214 mm (61% of Qt) versus 725 mm of baseflow 

(39% of Qt). 

   The apparent evapotranspiration ET decreased from a pre-disturbance value of 4.7 mm d-1 

to 3.6 mm d-1 during period III (Table 3.1). The corresponding value derived for the 15-day 

period immediately after the Haiyan event (period II), when trees and shrubs were defoliated 

and grasses beaten down was much lower (~1.5 mm d-1; Table 3.1), although we have to note 

that the uncertainties in the total precipitation inputs during the Haiyan event and in the 

streamflow data afterwards are considerable.  

 

Figure 3.4 Flow duration curves for daily streamflow before (orange curve) and after (dark 
blue curve) passage of typhoon Haiyan. The two broken vertical lines indicate the streamflow 
values that are exceeded for 10% and 90% of the time, respectively. 
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Table 3.1 Water budget component totals for the Basper micro-catchment for three specific 
periods within the study year. Period I: 3 June–7 November 2013; period II: 8–22 November 
2013; period III: 23 November 2013–2 June 2014. P = precipitation, Q = streamflow, 
Δ(S+G) = change in soil water and groundwater storage; ET = apparent evapotranspiration. 
Streamflow totals for periods I and III include some gap-filled data using the HBV-light 
model (cf. Supporting Figure 3.2). Streamflow for period II estimated via regression on daily 
rainfall for stormflows (cf. Figure 3.6a) and via recession analysis for baseflows (cf. Figure 
3.5). Annual values for Q and ET rounded off to nearest 5 mm. 

Period Days 
P 

(mm) 

Q 

(mm) 

Δ(S+G) 

(mm) 

ET 

(mm) 

ET 

(mm d-1) 

I 158 1187 452 -5 740 4.7 

II 15 469 448 -1 23 1.5 

III 192 1709 1085 -61 685 3.6 

Annual 365 3365 1985 -67 1445 4 

 

3.4.2 Streamflow recession 

   The streamflow recession rates during the two periods did not differ significantly (Figures 

3.5a and 3.5b). Recessions in both cases could be described by three superimposed linear 

reservoirs with pre-Haiyan recession constants (k-values in Figure 3.5 converted to d-1) of 

0.024 d-1 for the slowest (groundwater) reservoir, 0.34 d-1 for the intermediate reservoir, and 

2.88 d-1 for the fastest reservoir. Corresponding values for post-Haiyan conditions (period II) 

were 0.062, 0.43 and 5.64 d-1, respectively.  
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Figure 3.5 Master recession curves for the Basper micro-catchment, as represented by the 
outflow from three superimposed linear reservoirs during (a) pre-Haiyan-, and (b) post-
Haiyan conditions. Exponents of the respective equations represent corresponding reservoir 
constants (h-1).  

 

3.4.3 Runoff response to rainfall before and after passage of typhoon Haiyan 

   Runoff response to rainfall at Basper was rapid, with a median pre-disturbance rising limb 

duration amounting to only 25 min (0.42 h); the corresponding value for post-Haiyan 

conditions (period III) was 78 min (1.3 h; Table 3.2). Although median event rainfall amount 

(P) and intensity (I), as well as the median three-day antecedent precipitation index (API-3) 

were not significantly different for the pre- and post-Haiyan event data-sets, post-Haiyan 

medians of peak flow Qp, stormflow depth Qq, and storm runoff coefficient Qq/P were 
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significantly larger (Table 3.2). The median post-Haiyan storm runoff coefficient was 2.6 

times higher (22.7% versus 8.7% for the pre-Haiyan period).  

   Stormflow runoff coefficients (Qq/P) increased with rainfall although the spread in the data 

was fairly large (Supporting Table 3.1). Pre-typhoon values ranged from a modest 7 ± 8% 

(SD) for small events (5–10 mm of rain) to 23–26% for intermediate events (20–40 mm) and 

55% for a very large rainfall event (154 mm). Equivalent values for the post-Haiyan period 

were slightly larger but the difference was not statistically significant (Supporting Table 3.1). 

   Stormflow amounts Qq for individual events also increased rapidly with rainfall amount, 

both before and after Haiyan (R2 = 0.89 and 0.99 for Period I and III, respectively). Although 

the two relationships describing pre- and post-Haiyan conditions were not significantly 

different, post-Haiyan values of Qq for a given rainfall amount tended to be slightly higher 

(Figure 3.6a).  

   Overall weighted mean values of Qq/P for the two periods (derived by dividing cumulative 

Qq for all examined events during a period by the corresponding cumulative P) were 24% and 

47%, implying a doubling of Qq/P during the post-typhoon period (Table 3.2). Converting the 

pre- and post-typhoon median Qq-values to equivalent Minimum Contributing Areas (MCA; 

Dickinson and Whiteley, 1970) suggested median MCAs of 0.28 and 0.72 ha, respectively.  

   Peak streamflow Qp increased (non-linearly) with event rainfall amount in both periods 

(Figure 3.6b) but the correlations were less strong than the corresponding Qq–P relationships 

(rs = 0.78 and 0.86 for Period I and III, respectively). Nevertheless, peak flows for a given 

rainfall were significantly higher for post-Haiyan conditions compared to the pre-disturbance 

situation (Figure 3.6b).  

   Figure 3.7 shows the influence of the maximum 15-min rainfall intensity recorded during 

an event (Imax_15, expressed as mm h-1 equivalent) on the magnitude of the stormflow volume 

and peak streamflow. Because the weir overflowed during some larger events (leading to 

some uncertainty in peak-flow estimates, see Methods), a distinction was made between 

‘regular’ events (no overflow) and events with weir-overflow conditions for up to 25% of the 

stormflow duration (n = 5 during the pre-Haiyan period, n = 14 post-Haiyan). Neither type of 

stormflow amount was affected by Imax_15, not even for very high values of Imax-15 (Figure 

3.7a). There was a clear threshold in the relation between Qp and Imax_15, with the magnitude 

of the threshold differing between the two periods. Before Haiyan, Qp increased more with 

rainfall intensity after Imax_15 exceeded ~25 mm h-1, whereas during the post-Haiyan period, 
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the response was both more pronounced (3–4 times larger) and earlier (for Imax_15 > ~15 mm 

h-1; Figure 7b). However, correlations were generally poor (Figure 3.7). Using the maximum 

5- or 30-min rainfall intensities instead of Imax_15 gave very similar results (not shown).  

 

Figure 3.6 (a) Stormflow depth Qq and (b) peak discharge Qp as a function of event rainfall 
amount P for the pre- and post-Haiyan periods.  
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Figure 3.7 (a) Stormflow volume Qq and (b) peak flow rate Qp (in mm h-1 equivalent) as a 
function of the maximum 15-min rainfall intensity per event for the pre- and post-Haiyan 
periods.  
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3.4.4 Effect of antecedent soil moisture conditions on runoff response 

   Both during the pre- and post-typhoon period, storm runoff was a threshold function of the 

integrated antecedent soil water content in the upper 60 cm of the soil profile (ASWC) plus 

precipitation P, in that both Qq and Qp increased rapidly beyond a critical value. As shown in 

Figure 3.8, threshold values differed somewhat between the sites where soil water contents 

were monitored. For the upper slope location (station S1), a threshold value of ~325 mm for 

ASWC + P was derived versus ~250 mm at the mid-slope site S2 (Figures. 3.8a and 8c 

versus Figures. 3.8b and 3.8d). The threshold value for the mid-slope site fell between the 

depth-integrated (0–60 cm) amounts of soil water at saturation (270 mm) and field capacity 

(230 mm), but nearly coincided with saturated conditions at the upper site (345 mm; cf. 

Supporting Figure 3.3). Correlations after the threshold values were generally stronger for the 

relation between stormflow amount and ASWC + P (pre-Haiyan values of R2 = 0.56–0.96) 

than for the relation between peak flow and ASWC + P (R2 = 0.44–0.54). There were no 

significant differences in the relations for pre- and post-Haiyan conditions, except for a 

possible tendency towards a slightly higher threshold value at the upper site during the post-

Haiyan period (Figures. 3.8a and 3.8b). The strength of the post-Haiyan correlations was 

again much greater for Qq (R2 = 0.99 at both measuring sites) than for Qp (R2 = 0.40–0.43; 

Figure 3.8).  

3.4.5 Landslide incidence during typhoon Haiyan  

   During the passage of typhoon Haiyan on 8 November 2013, very strong winds (up to 314 

km h-1; Nguyen et al., 2014) caused defoliation of the regenerating vegetation in the central 

part of the catchment, as well as massive damage to tree stems and branches (Figure 3.1b). 

The high rainfall (228 mm of rain was captured during the event by the lower rain gauge, plus 

up to 50 mm of wind-driven precipitation by the fog gauge at site S1) caused the reactivation 

of some existing landslides and the creation of several new ones, including a major landslide 

that partly buried the stream gauging station during the latter phase of the Haiyan event (cf. 

Figure 3.2). No landsliding was observed during the passage of a tropical storm on 28–29 

June 2013 which delivered 154 mm of rain. Landslide surveys conducted before (August 

2013) and after (December 2013) typhoon Haiyan indicated an increase in (projected) 

impervious landslip surface area from 1080 to 2450 m2. These areas represent 3.4% and 7.7% 

of the total catchment area, respectively, implying a 227% increase in potential Minimum 

Contributing Area (Dickinson and Whiteley, 1970) after the passage of typhoon Haiyan. 
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Figure 3.8 Stormflow amount Qq and peak flow rate Qp as a function of the sum of gross 
rainfall P plus antecedent soil water content (ASWC60) in the top 60 cm of soil at the upper 
and mid-slope soil moisture monitoring sites in the Basper catchment for the pre- and post-
Haiyan periods. 
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3.4.6 Catchment sediment yield 

   Although suspended sediment concentrations (SSC) for manually collected rising-stage 

samples were generally higher than for corresponding falling-stage samples during the pre-

Haiyan period, SSC-values obtained with the single-stage samplers were typically 

intermediate between either type of manually collected sample (Figure 3.9a). The slope of the 

resulting sediment rating curves for pre- and post-Haiyan conditions (i.e. periods I and III) 

did not differ much between the two periods, but SSC-values for a given instantaneous 

streamflow were much enhanced (2–6 times, with an overall average streamflow-weighted 

factor of 3.5) after typhoon passage (Figure 3.9b). Combined with the higher stormflows and 

generally higher daily streamflow at the height of the wet season (November–January) during 

the post-Haiyan period (Table 3.2 and Figure 3.3) this suggests strongly enhanced suspended 

sediment transport during periods II and III (Table 3.3). While the figure derived for period II 

is particularly uncertain because of the estimated daily streamflow totals, there can be little 

doubt that overall suspended sediment export from the landslide-impacted Basper catchment 

during the study year was both substantial at ~25 t ha-1 yr-1 and heavily dominated by post-

Haiyan sediment transport (94% of the estimated annual total suspended load; Table 3.3).  

   Accumulated bedload volumes roughly mirrored corresponding stormflow totals per 

collection period, with the greatest amount of bedload movement being associated with the 

extreme Haiyan event (Figure 3.10 and Supporting Table 3.2). Overall sediment export in the 

form of bedload amounted to a modest 2.1 t ha-1 yr-1 or 8% of the total sediment load (Table 

3.3). 

Table 3.3 Amounts of suspended sediment (SSL) and bedload (BL) carried by the Basper 
stream during three specific periods within the study year. Period I: 3 June–7 November 
2013; period II: 8–22 November 2013; period III: 23 November 2013–2 June 2014. SY = 
total sediment yield. 

Period SSL  
(t ha-1) 

BL  
( t ha-1) 

Total SY  
(t ha-1) 

BL  
(%) 

I 1.4 0.2 1.6 12 

II 9.3 1.2 10.5 12 

III 14.6 0.7 15.3 4.5 

Annual 25.3 2.1 27.4 8 
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Figure 3.9 (a) Sediment rating curves for the Basper stream during pre-Haiyan conditions as 
a function of different sampling strategies. Green triangles: grab samples during rising 
stages; blue circles: grab samples during falling stages; orange circles: single-stage 
samplers (rising stages). The latter values represent average suspended sediment 
concentrations (SSC) and their standard deviations (vertical bars) for successive sample 
bottles in the rack. (b) Sediment rating curves for pre- and post-Haiyan conditions based on 
single-stage sampler data only (standard deviations indicated by vertical bars). 
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Figure 3.10 Cumulative bedload accumulation behind the Basper weir during the study year 
plus corresponding cumulative stormflow totals (Qq). Actual values are listed in Supporting 
Table 3.1. Sediment volume accumulated between 10 February and 2 June 2014 estimated by 
multiplying the average bedload ‘concentration’ per mm of stormflow in January 2014 times 
the total stormflow between the two dates (254 mm). 

 

3.5 DISCUSSION 

3.5.1 Tropical grassland runoff response  

   Runoff response to rainfall in the Basper fire-climax grassland catchment was pronounced, 

with an overall pre-Haiyan stormflow coefficient (Qq/P) of 24% versus 47% for post-Haiyan 

conditions (period III) (Table 3.2). Such storm runoff coefficients are high to very high, even 

compared to findings for wet lowland tropical locations with an impeding layer (i.e. low 

hydraulic conductivity Ksat) at shallow depth, which are known to produce more storm runoff 

than sites having deeper and/or more permeable soils (Elsenbeer, 2001; Chappell et al., 2007; 

Chappell et al. 2012). For the former conditions, Germer et al. (2010) and de Moraes et al. 

(2006) reported average wet-season values of Qq/P for two micro-catchments (0.7 ha each) 

under lightly grazed pasture in Rondônia and Eastern Amazonia of 18% and 21% (year with 

average rainfall), respectively, while Gilmour (1977) obtained an overall value of ~30% for a 

partially converted lowland rain forest catchment in northern Queensland subject to extreme 
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precipitation inputs during tropical storms and cyclones. Although the way in which these 

Qq/P-values were derived differed somewhat between studies, the bulk of the stormflow 

produced at the three locations consisted of overland flow, mostly of the saturation-excess 

type (SOF) due to a rapidly decreasing Ksat with depth that resulted in the formation of 

perched water tables and gradually expanding hillside saturation during times of peak rainfall 

(Bonell et al., 1981; de Moraes et al., 2006; Germer et al., 2010). The very low values of 

surface Ksat at the Eastern Amazonian site of de Moraes et al., 2006) suggest that infiltration-

excess overland flow (IOF) was important as well. Further, Qq/P-values at the respective sites 

increased with catchment wetness status and rainfall input (Germer et al., 2010; de Moraes et 

al., 2006; Howard et al., 2010), as also found in this study (Supporting Table 3.1). 

Interestingly, storm runoff coefficients per rainfall size class at Basper (Supporting Table 3.1) 

were very similar to corresponding values derived by Howard et al. (2010) for forested and 

grassland catchments during the main monsoon season in northern Queensland that are 

generally regarded as some of the most responsive humid tropical catchments described to 

date (Bonell, 2005; cf. Chappell et al. 2012). 

   Comparative published data for tropical fire-climax grassland catchments (as opposed to 

man-made grasslands) are all but non-existent, although several studies have reported on 

overland flow production at the plot scale in Imperata grasslands in Indonesia (Coster, 1938) 

and the Philippines (northern Luzon: Jasmin, 1976; Southern Leyte: Chandler and Walter, 

1998). Observed amounts of overland flow were low to modest in the absence of grazing and 

burning, even during years with high rainfall (5–13% of P; Coster, 1938; Jasmin, 1976) but 

an extremely high surface runoff fraction (as much as 69% of P) was reported for a severely 

overgrazed grassland by Chandler and Walter (1998). While overland flow in the latter case 

consisted entirely of IOF (Chandler and Walter, 1998), occasional SOF cannot be excluded in 

the Luzon grassland investigated by Jasmin (1976) considering the reportedly high soil 

infiltration capacity.  

   The Ecosystems Research and Development Bureau in the Philippines monitored 

streamflow from a lightly grazed micro-catchment (1.6 ha) under Imperata grassland at 

Angat (Luzon) that was burned annually between 1973 and the early 1990s (Daño, 1995; 

Limsuan, 1995). Although the original daily flow data have been largely lost, monthly and 

annual precipitation (P), total runoff (Qt), and storm runoff (Qq) data for the period 1974–

1988 (A.M. Daño, personal communication) allowed computation of the catchment’s long-

term average Qq/P-value. Annual stormflow coefficients were high to very high (29–53%), 
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with an overall average value of 43 ± 6%, i.e. very similar to the post-Haiyan value derived 

for the Basper grassland (47%, Table 3.2). The Angat catchment’s suspended sediment yield 

(5–6 t ha-1 yr-1) was low by Philippine standards (Daño, 1995; cf. White, 1990) – possibly 

implying low to modest surface erosion. Stormflow made up 94% of Qt on average, while 

apparent ET (approximated by P – Qt) was 1725 mm yr-1, suggesting considerable leakage 

losses.  

3.5.2 Runoff response in the Basper fire-climax grassland: a conceptual model 

   With 64% of its total runoff being supplied by stormflow (or 38% of P), the Basper 

grassland micro-catchment ranks as one of the most responsive humid tropical sites described 

to date (as reviewed by Bonell, 2005; cf. Fritsch, 1993; Godsey et al., 2004; Howard et al., 

2010). It also appears more responsive than several (forested) steepland catchments subject to 

regular typhoon incidence in Taiwan (average Qq/P: 12–26%; Cheng et al., 2002; Chang et 

al., 2013). Yet, the Basper catchment lacks the typical characteristics that have been identified 

as key factors leading to such a pronounced response, such as the presence of: (i) a wide 

valley bottom and gentle footslopes prone to localized SOF (Fritsch, 1993; Germer et al., 

2010); (ii) an impeding layer at very shallow depth (10–20 cm) under high rainfall conditions 

leading to widespread hillslope SOF (Bonell et al., 1981; Elsenbeer et al., 1992; de Moraes et 

al., 2006); or (iii) near-surface pipes feeding rapid return flow to footslopes and headwater 

gullies (Elsenbeer and Vertessy, 2000; cf. Chappell, 2010). What then makes the Basper 

grassland so responsive? Arguably, two aspects set the study catchment apart: (i) its 

proneness to landsliding (Figure 3.2), and (ii) the low to very low hillside Ksat-values 

throughout the soil profile (Chapter 2). 

   Landslip faces at Basper were effectively impermeable (Chapter 2; cf. Merz and Mosley, 

1998) and IOF was commonly seen on these during rain events (Supporting Figure 3.4a). 

However, although the 2.6-fold increase in median pre- and post-Haiyan storm runoff 

coefficients (from 8.7% to 22.7%, Table 3.2) was roughly proportional to the corresponding 

increase in the surface area occupied by landslides (2.3 times: from 1080 to 2450 m2), the 

Minimum Contributing Area equivalents of the median pre- and post-Haiyan stormflow 

fractions (0.28 and 0.72 ha; Table 3.2) were up to three times larger than the contributing 

areas represented by the landslides. Nevertheless, pre- and post-typhoon landslide surface 

areas were ca. 2.7 times larger than the respective MCA-equivalents of the lower 25th 

percentile stormflow values (Table 3.2), indicating landslide surfaces were important as a 
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source area for storm runoff during smaller events. Additional runoff contributions are 

needed, however, to explain the observed high stormflow volumes. 

   Large macropores in the form of former root channels or animal burrows were rarely 

observed; they appeared to be absent in the upper slope profiles dominated by grasses and 

sedges but were occasionally seen in the top layer beneath the regenerating forest in the 

riparian zone (Quiñones, 2014). Hence, rapid subsurface contributions to stormflow (if any) 

would appear to be restricted to a narrow riparian zone. This leaves hillside IOF and/or SOF 

as the chief remaining potential storm runoff contributing processes. The soils on the upper 

slopes and ridges (site S1) appeared to be saturated for most of the time at depths below 45 

cm but were better drained around 30 cm depth, although the top-layer approached saturation 

during the peak rainy months (Supporting Figure 3.3). Manually measured groundwater 

levels taken shortly after major rainfall events were restricted to the subsoil (always > 70 cm) 

and not seen to rise to the surface to produce SOF (cf. Godsey et al., 2004; de Moraes et al., 

2006). Similarly, at the mid-slope site S2, soil water contents always remained below 

saturation at depths greater than 40–60 cm, although occasional saturation during times of 

peak rainfall may have occurred at 20 cm depth, and possibly at 10 cm depth (Supporting 

Figure 3.3). Nevertheless, groundwater levels were also low at this site, suggesting SOF did 

not occur on the mid-slope segment either. However, SOF cannot be excluded for those parts 

of the riparian zone that exhibited a shallow layer of soil over fractured weathered rock 

(Supporting Figure 4b; Quiñones, 2014). Indeed, groundwater levels at piezometer G1 (cf. 

Figure 3.2) occasionally rose to within 5 cm below the surface during times of peak rainfall 

(Supporting Figure 3.5). Finally, the fact that both the median surface infiltrability (2.1 ± 0.4 

mm h-1) and median near-surface Ksat (2.85 mm h-1 at 20–50 cm depth) beneath grasses and 

shrubs were lower than or similar to the median 5-min rainfall intensity (3.2 mm h-1 hourly 

equivalent) may be taken as a strong indicator of the importance of IOF as a source of storm 

runoff at Basper (Chapter 2). Values of Ksat measured at three locations within the 

regenerating riparian vegetation were not higher than those beneath Imperata grass or shrubs 

on the hillslopes (Quiñones, 2014), hence hillside IOF is not likely to completely re-infiltrate 

on the footslope (cf. Woolhiser et al., 1996; Chappell et al., 1998). Although values of 

surface- and near-surface Ksat may have been underestimated by the use of a relatively small 

infiltrometer (15 cm inner diameter) and because of possible borehole smearing, respectively 

(see Chapter 2 for fuller discussion), there is little doubt that hydraulic conductivities for the 

majority of the soils at Basper are low to very low. Further, while direct observations of IOF 
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occurrence away from landslip surfaces (Supporting Figure 3.4a) are lacking (cf. Jasmin, 

1976; Chandler and Walter, 1998), support for the contention that storm- and peakflow 

generation at Basper is dominated by IOF comes from the fact that: (i) both Qq and Qp 

respond in a linear fashion to rainfall intensity beyond threshold values of 10–15 mm h-1 

(Figure 3.7), and (ii) stream water electrical conductivity values were often low to very low 

during peak flows, indicating major dilution with low-conductivity water such as rainfall and, 

by implication, overland flow (Figure 3.3c; cf. Bruijnzeel, 1983b; Elsenbeer et al., 1995). 

3.5.3 Fire-climax grassland water use 

   Average apparent evapotranspiration (ET) rates for the Imperata grassland plus the young 

regenerating vegetation of the central part of the catchment derived from the catchment water 

budget (Table 3.1) were 4.7 mm d-1 prior to disturbance by typhoon Haiyan (period I) and 3.6 

mm d-1 post-Haiyan (period III). The pre-disturbance ET might seem rather high at first sight 

compared to overall average values reported for grazed pastures across the tropics (typically 

3–4 mm d-1; Van der Molen et al., 2006). Therefore, a possible effect of unaccounted leakage 

losses cannot be entirely excluded, given the very small size of the study catchment. 

However, leakage losses (if any) are likely to be very small, because not only has the stream 

incised itself down to fresh bedrock in the lower section where the flow is perennial and the 

gauging weir is located (cf. Supporting Figure 3.1), but also the recession analysis did not 

show a detectable deviation from linear reservoir theory for the outflow from the 

groundwater reservoir (Figure 3.5). Furthermore, the fact that flows did not cease during 

several extended dry periods (Figure 3.3b) is remarkable in itself for such a small drainage 

area. Also, it is pertinent to remember that the water use of young, vigorous tropical regrowth 

(making up ~14% of the vegetation at Basper) tends to be enhanced relative to that of 

grassland (Hölscher et al., 1997; Giambelluca et al., 2000). Lastly, with the exception of dry 

periods in October 2013 (when the grass started to fade) and in May 2014 (at which time the 

grass did not exhibit any signs of moisture stress despite very low topsoil moisture content in 

the upper part of the catchment), soil water content in the Basper grassland at 20 cm depth 

and below were generally high (Supporting Figure 3.3; see also Chapter 2). Mid-slope topsoil 

moisture values remained well above permanent wilting point (28%; J. Zhang, unpublished 

data). In contrast, at other more seasonal sites, grassland water use has been reported to be 

reduced during the dry season (Wright et al., 1992; Wolf et al., 2011) or even to come to a 

complete halt as the grass went dormant (Waterloo et al., 1999). However, comparably high 

evaporation rates have been obtained at most tropical pasture sites during the transition from 



Chapter 3. Grassland runoff response 

 

85 
 

the wet to the dry season when neither moisture nor energy are limiting evaporation (3.7–4.2 

mm d-1; Wright et al., 1992; Van der Molen et al., 2006; Wolf et al., 2011). Waterloo et al. 

(1999) observed a strong relationship between the monthly water use and leaf area index 

(LAI) of a fire-climax grassland under highly seasonal conditions in Fiji. At Basper, the 

extreme winds encountered during passage of typhoon Haiyan (> 85 m s-1; Rabonza et al., 

2015) effectively defoliated the trees and shrubs and flattened the grasses (cf. Figure 3.1b), 

thereby likely to greatly reduce ET initially (cf. Table 3.1). Overall post-Haiyan ET-rates are 

therefore likely to have been dominated initially by soil evaporation after the passage of 

typhoon Haiyan (cf. Scatena et al., 2005), with transpiration gradually increasing again as the 

grasses recovered (in January 2014), followed by the gradual refoliation of shrubs and trees 

in March 2014. The LAI of a nearby forest effectively recovered to pre-disturbance values 

after ~3 months (see Chapter 4). The relative magnitude of the average apparent ET-values 

derived for periods II and III – although somewhat uncertain for period II in particular – do 

reflect this expected trend (Table 3.1).  

3.5.4 Landsliding and catchment sediment yield 

   At 27 t ha-1 (of which ~25 t ha-1 yr-1 was carried in suspension and ~2 t ha-1 yr-1 transported 

as bedload; Table 3.3), the estimated sediment yield of the Basper grassland catchment during 

the study year was considerable. For example, the long-term average sediment yield for the 

annually burned grassland at Angat in Luzon referred to earlier (Daño, 1995) was 5.3 t ha-1 

yr-1. Although as responsive hydrologically as the Basper grassland (A.M. Daño, unpublished 

data), slope gradients at Angat were more modest (30–40%) and mass wastage was 

unimportant. However, sediment yields of nearly 40 t ha-1 yr-1 were measured elsewhere in 

Luzon (Magat area) for overgrazed headwater catchments subject to regular fire and 

widespread mass wasting (White, 1996). By contrast, baseline sediment yields for small 

forested headwater catchments in high rainfall (>3000 mm yr-1) areas in South and South-east 

Asia without major landsliding nor subject to tropical cyclones are typically less than 4 t ha-1 

yr-1 (Bruijnzeel, 1983a; Malmer, 1990; Douglas et al., 1992; Gafur et al., 2003).  

   The extreme event of 8 November 2013 (passage of typhoon Haiyan) was decisive in 

several ways. Firstly, an estimated 25 t of sediment (7.8 t ha-1) were exported during this 

particular event alone, which is equivalent to 29% of the annual total. Further, before Haiyan 

(period I, 158 days), only 0.55 t ha-1 of suspended sediment were transported per 100 mm of 

stormflow compared to an estimated 3.4 and 2.0 t ha-1 per 100 mm of stormflow during post-
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Haiyan periods II (15 days) and III (192 days), respectively (Table 3.3). Measured suspended 

sediment transport during period III (15 t ha-1) was 3.5 times higher than predicted for the 

same amount of streamflow using the pre-Haiyan sediment rating curve (Figure 3.9b), 

indicating greatly increased sediment availability after Haiyan, presumably due to the 

landsliding that occurred during the event (cf. Figure 3.2). Interestingly, a previous large 

rainfall event (28–29 June 2013) that delivered 154 mm of rain but did not generate new 

landslides, caused only 1.5 t of sediment to be transported in suspension (0.5 t ha-1). 

Assuming the pre-Haiyan sediment rating curve to represent conditions without major 

sediment contributions by mass wasting, and combining it with measured post-disturbance 

streamflow gave a suspended sediment yield of ca. 7 t ha-1 yr-1 for the June 2013–May 2014 

study period (being similar to the 5.3 t ha-1 yr-1 for the Angat grassland micro-catchment). 

  The situation at Basper is conducive to landslide generation due to a combination of steep 

upper slopes, a less than cohesive subsoil becoming sandier and stonier with depth 

(Quiñones, 2014; cf. Chapter 2), absence of a deep stabilizing root system (cf. O’Loughlin, 

1984; Sidle et al., 2006), and high to very high rainfall (Rabonza et al., 2015). As such, it is 

of interest to examine why the Haiyan event generated so much sediment, while the June 

2013 event did not. Although the two events differed in terms of their total rainfall (~258 mm 

versus 154 mm), rainfall amounts in both cases were well above the 70 mm rainfall threshold 

value identified by Nolasco-Javier et al. (2015) as being required for shallow landslides to 

occur in (non-forested) terrain in the Baguio area, Luzon. Similarly, estimated kinetic 

energies associated with the two storms were well above the critical threshold value of 2000 J 

m-2 proposed by Lin and Chen (2012) for landslide initiation in (forested) Taiwanese 

steepland, although the value associated with typhoon Haiyan (ca. 5500 J m-2) was nearly 

twice that for the June 28-29 event (ca. 2800 J m-2). Further, actual pre-storm water storage in 

the top 60 cm of soil was almost identical on both days as well as during the seven days 

preceding the respective events (cf. Supporting Figure 3.3), while foot-slope groundwater 

levels measured at piezometer G1 reached a higher value during the June event than during 

typhoon Haiyan (Supporting Figure 3.5) despite the higher rainfall associated with the latter. 

However, a major difference between the two situations relates to the fact that the Haiyan 

event had been preceded by a period of low rainfall from mid-August 2013 onwards until 

rainfall increased again around mid-October (Figure 3.3). This dry period caused the 

development of cracks that have facilitated rapid transfer of the heavier rainfall in late 

October and early November to deeper layers, thereby saturating the soil-rock interface to 
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critical levels during the Haiyan event with its maximum 60-min intensity of 81 mm (cf. 

Supporting Figure 3.3), whereas normally much (if not most) of the rainfall would have run 

off the hillslope surface due to the very low hydraulic conductivity of the soils at Basper (cf. 

Chapter 2).  

   The close correlation between landslide incidence and extreme rainfall during typhoon 

passage observed in the Philippines and elsewhere in the region (Nolasco-Javier et al., 2015; 

Nolasco and Kumar, 2018; Lin et al., 2008; Chen et al., 2015) does not bode well for a future 

in which tropical storms and cyclones are expected to become more forceful due to continued 

oceanic warming (Balaguru et al., 2016). Apart from the corresponding increase in stream 

sediment load, areas prone to landsliding like the Basper grassland can be expected to 

become more responsive hydrologically in the future (cf. Chiang and Chang, 2011; Walsh et 

al., 2013), while the progressive loss of the overburden may cause a gradual loss of soil water 

storage potential and eventually lead to diminished baseflows (Rawat et al., 2015; cf. 

Bruijnzeel, 1989). 

3.6  CONCLUSIONS 

   Rainfall, streamflow and sediment yield were determined for the Basper fire-climax 

grassland micro-catchment (3.2 ha) near Tacloban, Leyte Island (Philippines) between 3 June 

2013 and 2 June 2014. The catchment had not been burned or grazed for ten years prior to the 

start of the measurements and the central portion (14%) of the catchment surrounding the 

perennial stream was covered by low but dense regenerating vegetation. On 8 November 

2013 the area was struck by typhoon Haiyan, one of the largest events on record. 

   Runoff response to rainfall was very pronounced, with weighted average storm runoff 

coefficients (Qq/P) being 24% and 47% for pre- and post-Haiyan conditions, respectively. 

The latter value ranks as one of the highest reported in the literature on humid tropical runoff 

responses. Overland flow contributions on landslide slip surfaces (occupying ~3.4 and 7.7% 

of the catchment before and after Haiyan) were important as a source of storm runoff but by 

far not sufficient to explain the high Qq-values that were observed. Macropores were 

observed only occasionally in the soils beneath the regenerating riparian zone forest, 

suggesting rapid lateral subsurface stormflow was probably limited to a very small part of the 

catchment at best. Although near-surface soil moisture was high during the wettest months, 

perched groundwater levels were not observed to reach the surface, except occasionally near 

the stream channel, hence saturation-excess overland flow is likely not a major contributor of 
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storm runoff either. Rather, in view of the low to very low hydraulic conductivities of the 

soils underlying the Imperata grass and shrub as well as the regenerating riparian vegetation, 

infiltration-excess overland flow is considered the dominant runoff generating mechanism at 

Basper. 

   Pre-typhoon water use by the combined Imperata grassland and young regenerating 

vegetation as derived from the catchment water budget was rather high (4.7 mm d-1), possibly 

reflecting a combination of vigorously regenerating riparian vegetation, a generally high soil 

moisture content, and breezy conditions. Post-typhoon evapotranspiration of the heavily 

disturbed vegetation was initially much reduced but recovered somewhat towards the end of 

the study period (3.6 mm d-1). 

   The annual sediment production was high (~27 t ha-1) and greatly exceeded values 

previously reported for fire-climax grasslands in the region that were not subject to 

widespread mass wasting. Post-typhoon sediment transport over a period of six months was 

estimated to be 3.5 times higher than would have been the case without the massive 

landsliding that occurred during the Haiyan event, indicating increased (and possibly 

prolonged) sediment availability. In view of continued oceanic warming and the gradual 

intensification of extreme rainfall events in the region, mass wasting and sediment yields are 

expected to increase in the future. 
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3.7 SUPPORTING MATERIALS  

Supporting Table 3.1 Mean storm runoff coefficients (Qq/P) for different rainfall (P) classes 
at Basper micro-catchment before and after passage of typhoon Haiyan. P = event rainfall, 
Qq = storm runoff, SD = standard deviation. 

Rainfall 
size 

(mm) 

Number 
of 

events 

Mean P ± SD 
(mm) 

Total P 
(mm) 

Total Qq 
(mm) 

Mean Qq/P ± SD 
(%) 

 
 

  5–10 

 
 

14 

 
 

6.8 ± 1.6 

 
Pre-Haiyan (n = 48) 

95 

 
 

6.5 

 
 

7 ± 8 
10–20 20 14 ± 3.3 282 34 12 ± 12 
20–30 3 23 ± 3.2 69 18 26 ± 17 
30–40 8 36 ± 1.9 288 66 23 ± 16 
40–50 2 45 ± 4.0 89 26 30 ± 20 

    50–100 0 - - - - 
 > 100 1 154 154 85 55 

 
 

  0–10 

 
 

13 

 
 

7 ± 1 

 
Post-Haiyan (n = 43) 

86 

 
 
6 

 
 

6 ± 10 
10–20 10 14 ± 2 139 21 15 ± 15 
20–30 7 26 ± 2 179 50 28 ± 13 
30–40 4 37 ± 3 148 61 42 ± 10 
40–50 0 - - - - 

   50–100 5 76 ± 18 381 216 56 ± 5 
  >100 4 155 ± 58 622 369 58 ± 5 
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Supporting Table 3.2 Bedload accumulation (BL, m3) behind the Basper weir between 3 
June 2013 and 9 February 2014 along with corresponding rainfall (P) and stormflow (Qq) 
totals. Bedload value for the period between 10 February and 2 June 2014 was estimated by 
multiplying the average amount of BL per mm of stormflow in January 2014 times the 
stormflow total between 10 February and 2 June 2014. Bulk density of bed sediment was 
taken as 1.2 t m-3 (Rijsdijk and Bruijnzeel, 1990). 

Date 
Period P 
(mm) 

Period Qq 
(mm) 

Period BL 
(m3) 

Cumulative Qq 
(mm)# 

Cumulative BL 
(m3)        (tons)+ 

       
13/8/13  880 212 0.37 210 0.37 0.45 
21/11/13 749 313* 3.45 525 3.8 4.6 
2/1/2014 595 250 0.29 775 4.1 4.95 
13/1/14 292 148 0.22 925 4.3 5.2 
23/1/14 174 81 0.27 1005 4.6 5.5 
9/2/2014 55 13 0.5 1015 5.1 6.1 
2/6/2014 619 254 (0.5) 1270 (5.6) (6.7) 
*Qq for the period between 8–22 November 2013 was estimated from daily rainfall using the post-
Haiyan regression on stormflow; #Cumulative stormflow totals rounded off to the nearest 5 mm; 
+Cumulative bedload weights rounded off to the nearest 0.05 t. 

 

 

 

Supporting Figure 3.1 View of the compound sharp-crested V-notch weir used for 
measuring discharge at the outlet of the Basper micro-catchment. Inset: view of rising-stage 
sample bottle rack and water-level and electric conductivity sensors (housed in the two blue 
pipes and protected by metal caps). Photograph by J. Zhang. 



Chapter 3. Grassland runoff response 

 

91 
 

 

Supporting Figure 3.2 Relations between the 5-min observed (Qobs) and median simulated 
(Qsim) streamflow for the 25 best parameter sets for the (a) pre- and (b) post-Haiyan periods 
using the HBV-light model. 
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Supporting Figure 3.3 Time series of hourly rainfall intensity (a) and volumetric soil water 
content (SWC, %) at different depths at: the Basper grassland upper slope site (b), and the 
Basper mid-slope site (c). Estimates of porosity in the Ap-, AB- and BW-layers are indicated 
by dashed lines. 
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Supporting Figure 3.4 (a) Infiltration-excess overland flow was observed frequently on 
landslip faces during rain. (b) Seepage from the lower left bank soil profile where soil cover 
was shallow and the upper rock material fractured. Photos by J. Zhang.  
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Supporting Figure 3.5 Depth to shallow groundwater table (cm) at piezometer site G1 
(lower left bank) during the study year (hourly values). Hourly rainfall amounts added for 
comparison. 
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