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ABSTRACT

As a result of drought and decades of fire suppression, wildfires are occurring with

greater frequency and intensity in the Southwest. Distributed hydrological models can

identify rehabilitation zones in a watershed to minimize fire consequences such as

increased flow peaks. In this study, a distributed watershed model was used to evaluate

the effects of the 2003 Aspen fire on watershed hydrologic response in the Sabino Creek

watershed north of Tucson, Arizona. The effects of vegetation loss and the presence of

hydrophobicity in the watershed response were studied through a series of scenarios. The

study points out the important role of vegetation loss in decreasing the number of low

flow events and increasing the number of mid and high flow events. The observed

increase on extreme events appears to be caused by the presence of a hydrophobic layer.
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1 INTRODUCTION

In the southwestern United States, the area affected by wildfires has increased since the

early twentieth century. This increase has been attributed, in part, to fire suppression and

land management policies that have been implemented during the same period (Swetnam

and Betancourt, 1990; Smith et al., 2001; Swetnam, 2003). These actions were

responsible for an increase of biomass accumulation, resulting in a large increase of the

fuel available for wildfires.

Fire occurrence is further affected by atmospheric conditions. Based on more than 300

years of data of fire activity in the Southwest, Swetnam and Betancourt (1990) and

Westerling and Swetnam (2003) found a strong positive relationship between burned area

and El Nirio (warm) cycles in the American Southwest. Because of the relationship

between fire and weather, Torn et al. (1998) predicted an increase in fire occurrence and

intensity in the western United States in response to anticipated changes in climate

(Houghton et al., 1996).

In the Southwest the effects of wildfires on soil and vegetation can be drastic. An intense

fire can remove up to 90% of the vegetation and litter cover (Robichaud, 2000).
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Furthermore, fire can reduce the soil infiltration rate, which together with the loss of litter

and vegetation, is the main factor in increasing erosion, surface runoff and transport of

sediment into the streams (Robichaud, 2000; Beeson et al., 2001; Letey, 2001; Reinhardt,

2001; Doerr et al., 2003). Both physical and chemical properties of the hydrological

system are affected by fire, which can lead to irreversible changes in aquatic life and the

physical environment.

Fire effects on hydrological processes are not always well understood (Pierson et al.,

k-

2001; Doerr et al., 2003). Even where we do have a qualitative understanding of how fire

affects watershed conditions, it is difficult to translate this qualitative understanding into

quantitative predictions. For example, although burned soils often exhibit water repellent

properties, it is not clear to what extent these local changes in soil properties contribute to

changes in the watershed scale response to precipitation.

Some natural unburned soils have water repellent or hydrophic layers (Doerr et al., 2000).

Such a layer can also be created after a fire, or moved downward in case of a preexistent

one. The hydrophobic layer appears when high surface temperatures burn hydrophobic

organic materials and create vapors that condense on soil particles (Scott, 1993 in Letey
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2001; Doerr et al., 2000). Doerr et al. (2003) studied the isolated effect of soil

hydrophobicity on hydrological processes at different scales. They investigated soil

responses in the field at a point, plot and catchment scale, under hydrophobic and

hydrophilic conditions. Although they found an increase in runoff at the micro plot and

plot scales, no clear relationship was found at the catchment scale. They concluded that

the spatial distribution of the hydrophobic layer and the soil structure largely determine

the runoff responses under water-repellent conditions. Despite the apparent relationship

between soil repellency and hydrological effects, the connection at a scale larger than a

soil sample or a small plot needs to be investigated (Doerr and Moody, 2004).

A better understanding of the physical processes that relate fire-induced, local changes in

watershed conditions to watershed scale hydrological response is important, not only for

the mitigation of fire effects, but also to advance our knowledge of catchment function. In

the absence of this understanding, most predictions of fire-effects have relied on simple

regression models. For example, Moody and Martin (2001) used a power relationship to

relate unit-area peak discharges, that is, peak discharge divided by the burned area, to the

maximum 30 min rainfall for three small watersheds (average area of 21.5 km2) to predict
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peak discharges after a fire. The authors found a precipitation intensity threshold for the

western United States of 10 mm/h, above which the magnitude of the peak flow increases

much faster.

A number of studies have focused on the hydrological processes modified as a

consequence of a fire, such as increases in runoff and increases in sediment load (Earles

et al., 2004; Beeson et al., 2001; and Pierson et al., 2001). Beeson et al. (2001)

highlighted the importance of using distributed models to assess landscape-scale changes

due to fire. The authors consider distributed routing of water due to topography and

runoff redistribution when upscaling to the catchment scale. They consider topography

and runoff redistribution the two main issues when evaluating the redistribution of water

among the cells to assess fire impacts. Beeson et al. (2001) conclude that distributed

models should be used to identify regions where the hydrological connectivity between a

hydrological source and a sink has changed. After their model runs, they pointed out the

substantial increase in overland flow after a fire, mainly in high-severity burn sites, and

particularly the steepest ones.
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This study further examines the link between local changes in catchment conditions and

catchment scale hydrologic response. Of particular interest are the fire-induced

reductions of the local infiltration rate and the removal of vegetation. The overall

research question that motivates the present study is: How is the partitioning of

precipitation into infiltration and surface runoff affected by wildfire?

The work presented here is part of a larger project in which soil physical, sediment,

isotope and biogeochemical measurements were collected following the June 2003 Aspen

Fire in the Santa Catalina Mountains, Coronado National Forest, north of Tucson,

Arizona (Figure 1). The fire burned almost 340 km2 (Lefevre, 2003), including a large

part of Sabino Canyon watershed, which forms part of the Sabino Canyon Recreation

Area. This recreational area is about 12 miles north-east from downtown Tucson, and it

registers more than 1.5 million visits per year.

The work reported here focuses on a model sensitivity study to evaluate whether model-

predicted changes in catchment response are similar to those observed. Of particular

interest are the catchment responses to changes in the hydraulic conductivity of the near-

surface soil and the removal of vegetation. To this end, a spatially-distributed
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hydrological model was used, which allowed us to vary surface conditions locally. Of

particular interest are the following questions:

- Is the vegetation loss the main cause of model-predicted hydrological changes?

- Is the decrease in soil infiltration alone sufficient to explain the stream flow increase

and the faster response in the watershed?

- How does fire affect the evapotranspiration rate, soil moisture and infiltration through

the watershed?

To help answer all these questions a semi-distributed and physically based model, for

Sabino Canyon watershed, was implemented. The model was calibrated and validated

based on field observations and meteorological data for more than nine years. A set of

fire effect scenarios will be discussed to answer the research questions.



2 SITE DESCRIPTION

Sabino Canyon Basin, a 91 km2 watershed located northeast of Tucson (Arizona) (Figure

1), is the setting of the present study. Sabino Canyon Basin is one of the two largest

drainages affected by the Aspen fire, which burned almost 340 km 2 (84,000 acres)

(Lefevre, 2003) in the Santa Catalina Mountains from June 17 to July 14, 2003. Within

Sabino Canyon, the Aspen fire burned in excess of 76 km2 , 24.5 km2 of which were

classified as a high burn severity (Figure 1).

The elevation in Sabino Canyon ranges from less than 850 m to almost 2800 m (Figure

1). Precipitation (P) and temperature (T) inside the watershed are highly conditioned by

the topography, with a semi-arid climate at the bottom (P = 300 mm/yr) and more humid

at the top (P = 800 mm/yr) (averages from 1995 to 2004). It is important to note the

strong seasonality in the precipitation, which is characterized by convective, high

intensity, short duration, localized storms during the monsoon season (from July through

September); and by lower intensity, longer duration and more wide spread storms during

the winter (from November to March). However, the total volume of annual precipitation

is equally distributed between the summer and winter wet periods.

15
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Figure 1 Study area location and fire extent. The bottom left panel shows the different

elevation zones in which the watershed was divided. The circles in the bottom left panel

are sites where soil samples where taken, the squares are National Weather Service

stations, the stars are the USGS rain gauges, and the triangles are the Pima County Flood

Control District gauges (PC-FCD). The bottom right panel shows the Aspen fire burn

severity map (BAER, 2003).

Sabino Canyon Creek is the main ephemeral stream which runs north-south through the

watershed (Figure 1). It usually flows from July through April with an average daily flow

of approximately 0.28 m3/s (10 cfs). However, flash floods are common both during

summer as a result of intense monsoons rains, and during spring because of rapid snow

melt. During these events, flow increases drastically, reaching peak flows up to 425 m 3 /s

(15,000 cfs, summer 1999).
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Sabino basin is particularly rugged and steep with v-shaped valleys, conditioned by the

geology of the area, which is predominantly granitic with the Catalina schist being the

most characteristic facies present. Vegetation changes from Sonoran desert species at the

bottom of the watershed to coniferous species at the top (Coronado National Forest,

2003).

The outlet of the studied basin, Sabino Dam, is marked by a US Geological Service

stream gauge (ID: 94840010) (bottom star in Figure 1). Another stream gauge exists in

the upper part of the watershed, Marshall Gulch (ID: 9483300) (upper star Figure 1). The

latter was operated by the USGS from the beginning of 1951 to 1959. After being

inactive for more than forty years, Pima County started measuring stream flow in

Marshall Gulch (D: 2293) in July 2003, immediately following the Aspen fire.

Sabino Canyon Creek flows into Tanque Verde Creek and then into the Rillito Creek,

which joins the Santa Cruz River east of Tucson. The Santa Cruz River is an intermittent

tributary of the Gila River. The Gila River flows west towards Yuma and then into

California along the Mexico border to the Colorado River.
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3 METHODS

This thesis presents a model sensitivity study to help understand the changes in

catchment processes in response to a fire. The study focuses on the combined effects of

losses in vegetation and changes in soil infiltration; specifically on whether these changes

alone are sufficient to explain the observed watershed behavior after the 2003 Aspen fire.

To help answer this research question a semi-distributed and physically based model

called Mike She, was set up for Sabino Canyon watershed in southern Arizona, USA.

The model was set up based on field observations, literature review, and meteorological

data for more than eight years before the fire and fifteen months after the fire. A rigorous

multi-parameter calibration methodology was followed based on three different

efficiency criteria which focused on the overall water balance, the ability to match the

peaks and the ability to capture the full range of observed flows with the right frequency

of occurrence. Stream flow, soil moisture and evapotranspiration were the three variables

calibrated. The calibrated parameter set was used to run over the full data record of nine

years (pre and post fire) defining what was called the reference scenario. Four different

scenarios were compared to the reference simulation: the real observations after the fire

(Scenario 1), the simulated watershed response to vegetation loss (Scenario 2), the
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simulated response to the presence of a hydrophobic layer (Scenario 3), and a combined

scenario where both changes in vegetation and soil hydrophobicity were included

(Scenario 4). A comparative study of scenarios was done, focusing first on the overall

changes stream flow behavior, and second, on the distributed patterns within the

watershed associated with changes in evaporation, soil moisture and infiltration.

3.1 Model Description

One way to classify hydrological models would be whether they have a lumped or

distributed approach. Lumped models consider the watershed as a single unit, and model

parameters, state variables, inputs and outputs are taken to represent the whole watershed.

Distributed models, on the other hand, explicitly treat the basin characteristics as spatially

varying across the watershed. In these models, the watershed is divided in small units and

for each unit the equations for the state variables are solved (B even, 2001). The present

study uses a distributed model called Mike She to study the distributed effects of fire in

Sabino watershed.

Mike She (SHE Système Hydrologique Européen) was developed by the Danish

Hydraulic Institute (DHI). Mike She is a distributed, grid-based modeling system
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allowing the simulation of all major hydrologic processes occurring in the land phase of

the hydrological cycle (Refsgaard and Storm, 1995). Mike She has a modular structure,

which allows for incorporation of different components to account for interception and

evapotranspiration, overland and channel flow, unsaturated and saturated flow (Singh et

al., 1999; Refsgaard and Storm, 1995). This modular structure makes it possible to

develop models with different levels of complexity.

The key processes that must be represented in the present study are interception,

evapotranspiration and unsaturated water transport. These processes are most directly

affected by changes in vegetation and soil properties due to fire. However, the remaining

processes must be represented to build a complete watershed model. Figure 2 shows a

schema of Mike She with the different modules used in this study, and how they are

linked.
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Figure 2 Mike She schema (DHI Software 2004).

3.1.1 Interception iii ode!

The canopy interception module represents interception of precipitation by the canopy

and direct evaporation from canopy storage (Figure 2). The amount of water that the

interception can store ('max [mm]) is a function of the leaf area index (LAI [-]) (Jensen,

1983; Singh et al., 1999) and the interception coefficient C mt [mm], which represent the

immaimout
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fraction of water that can be intercepted by the leaves (Equation 1). A typical value for

Cim is 0.05 mm. Maximum interception is given by

I max = C.IILAI (1)

3.1.2 Snow melt model

A simple snow model is also included (Equation 2), which assumes that all precipitation

falls as snow when the air temperature (Ta [°C]) is below 0 °C (a threshold temperature

(Tm [°C])). When melting occurs, the rate of melting is given by the snow melt factor (Mf

[mm/day/°C]). Both the melt factor and the threshold temperature are inputs to the model,

and melt is calculated as

3.1.3 Overland model

Overland flow appears when the excess precipitation (total precipitation minus

interception) is higher than the saturated hydraulic conductivity defined for the top layer

of the soil (Figure 2). Two-dimensional overland flow, following the topography, was

assumed and routed using a kinematic wave approximation. Two parameters are needed
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for this module, the Strickler coefficient (inverse of the Manning coefficient), and the

detention storage (Section 3.3).

3.1.4 Evaporation model

The evapotranspiration model uses empirical equations derived from Kristensen and

Jensen (1975). The actual evapotranspiration is calculated from the potential evaporation

rate, based on root depth, leaf area index, and water availability in the root zone.

Crop coefficients (Kc [-]) are also needed as input to Mike She. Crop coefficients are used

to increase the potential evaporation according to

E = K. Epc	 c	 p , (3)

where Eve is the potential crop evaporation, K, is the crop coefficients for each vegetation

type, and Ep is the potential evaporation. Kc depends mainly on the crop characteristics

and only to a limited extent on climate (Allen et al., 1998).
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The evaporation from the canopy (Ecan [mm hr-1 ]) (Equation 4) depends on the canopy

storage (Equation 1) and the potential crop evapotranspiration. Ecan is given by

Eca„ = min(/max , E pc • At),	 (4)

where At is the model time step. Transpiration (Evans) is calculated as a function of the

LAI, the volumetric water content of the soil in the root zone (0 [m3/m3]), the root

distribution function (RDF [-]), and the potential crop evaporation (Epc [mm hr-1 ]), and is

given by

E „an, =	 f2(9). RDF • E pc ,	 (5)

where f i and f 2 account for LAI and soil moisture effects on transpiration. The LAI

function depends on C2 and C 1 (Kristensen and Jensen coefficients) and is defined as

fi (LAI)= C2 C i LAI	 (6)

C1 and C2 influence the partitioning between soil evaporation and transpiration. For small

values of C1, and high values of C2, the soil evaporation becomes larger relative to

transpiration. Initial values for C1 and C2 were based on recommendations by DHI

Software (2004).
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The soil moisture feedback (Equation 5) is a function of soil characteristics such as

volumetric water content at field capacity (OFc [m3/m3]) and at wilting point (Ow [1113 /1113]),

as well as a soil type coefficient C3 and the potential crop evapotranspiration.

Transpiration is restricted when the soil becomes drier according to

C3
(

f,(0)=1

Coefficient C3 [mm day-1 ] depends on soil type and root density. However, this parameter

has not been evaluated experimentally (DHI Software, 2004). A value of 20 mm/day is

typically used for C3. The root distribution function (RDF) depends on the water

extraction by the roots (R [-]) and root depth (RD [m]). At the same time, water extracted

by the roots depends on the root density (AROOT [-]), which is a parameter that

describes the root mass distribution with depth.

E, = E pc • f3 (0)+ (E x — E„,,„, —E pc • f3 (9)). f 4(o)• (1— AVM)
	

(8)
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In Mike She soil evaporation (E,) occurs only from the top cell of the soil profile and

consists of a base evaporation term Es = E pc • f, (e) plus an excess evaporation term, if

enough water is available. Functions f3 (o) and f4 (0) are given by

C,	 for 0 ^ Ow

f3 (0) =
0

0 r _� 0 � Ow (9)C2 for
Ow

0	 for 0 5_ Ow

and mainly depend on the water content at field capacity and at wilting point.

3.1.5 Unsaturated flow model

The infiltrated precipitation, when not evaporated, is driven by gravity through the

unsaturated zone. Flow is only in the vertical direction, and hence no lateral flow exists in

the unsaturated zone. Gravity flow (Equation 11) was assumed in the unsaturated zone

rather than Richards' equation to simplify the model and reduce computational time
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q= K(0)—
ah = K

eff
 (0)

az 	 '

where q is the Darcian velocity, K (A) is the hydraulic conductivity, Keff(0) is the effective

ah
hydraulic conductivity, and — is the total head gradient with depth. For gravity flow

az

the total head gradient is assumed to be equal to one, because no pressure gradient is

considered. In the case of gravity flow, an effective hydraulic conductivity is used instead

of the hydraulic conductivity, to account for the flow due to capillary forces that are not

accounted for. Consequently, the effective hydraulic conductivity is slightly larger than

the saturated hydraulic conductivity. The new water content distribution in the soil profile

is given by the continuity equation

ae _ aq s(z)
at - az

(12)

where S is the root extraction sink term (S [day']). As mentioned the pressure gradient at

the surface has been assumed to be one. This approximation is not always true near the

surface, where changes in hydraulic pressure are large. To allow for the assumption that

pressure gradient near the surface is equal to one, it is important to provide a finer soil

discretization near the surface. The thickness of the soil layers was set to 0.1 m for the

upper 0.5 m and 0.25 m for the remainder of the soil.
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Soil water retention curves are used to define the unsaturated zone flow. The pressure

head is computed for all the unsaturated cells based on the soil-water retention curve,

using Van Genuchten (1980) to relate matric potential to water content. The soil-water

retention curve relates the water content in the soil (0) with the soil matric tension or

matric potential (IF). The vertical flow through the unsaturated zone is determined by the

boundary conditions at each end of the column. At the start of a rainfall event, the

infiltration rate is set equal to the effective saturated hydraulic conductivity of the soil

(flux boundary condition). When the rainfall intensity is higher than the infiltration rate,

water begins to pond at the surface. In that case, the pressure calculations are repeated by

using a pressure head boundary condition. The upper boundary is changed from a

pressure boundary to a flux boundary when the infiltration exceeds the available water

stored on the ground surface. In this case, the calculations are repeated using a flux

boundary, where the flux rate is equal to the water depth divided by the time step.

The lower boundary condition is determined by the water table elevation. When the water

table falls below the impermeable layer, the lower boundary condition changes

automatically to zero flux.
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The initial matric potential (T) conditions are automatically generated by Mike She

assuming a hydrostatic profile. The volumetric water content in the initial soil profile is at

saturation at the water table, and decreases with height according to the soil-water

retention curve until it reaches field capacity (0Fc). From this node to the surface, the rest

of the soil profile is initiated to field capacity. The klf Fc (matric potential at field capacity)

is defined at -100 cm (log (-kliFc) = pFFc = 2.0). Two different values were chosen for the

pressure at wilting point ('N). For the lower elevations, where southwestern desert shrub

grows, the pressure at wilting point was fixed to -80,000 cm (log(-Tw) = pFw = 4.9)

(Stephens, 1996) and for the remaining vegetation types wilting point was assumed to be

-15,800 cm (log(-Tw) ) = pFw= 4.2).

3.1.6 Saturated flow model

A linear reservoir method was selected to describe the subsurface flow in Sabino Canyon

watershed (Figures 2 and 3). A linear reservoir description was used instead of a more

physically based and fully distributed model for two reasons. First, the present study

focuses on processes and changes in the top soil layer, and not on changes in the ground

water movement. Second, Sabino Canyon presents a very thin soil layer covering a



Dry Basefiow
Reservoir

30

crystalline and impervious bedrock in almost the entire watershed, so there is only

evidence of a shallow aquifer in the coniferous region of the watershed. To represent the

presence of this top aquifer, two subcatchments were defined. One subcatchment, called

"wet", represents the upper part of the watershed and mainly corresponds to the

coniferous region. The other subcatchment, called "dry", represents the lower regions of

the watershed, including a 100 m buffer region along all the streams in the entire

watershed (Figure 4d).

Figure 3 Linear reservoir schema used in Mike She (DHI Software, 2004)
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In the linear reservoir option the entire catchment was represented by a shallow interflow

reservoir, plus two sets of groundwater storages in parallel, one for each subcatchment

zone (Figure 3). Water coming from the unsaturated zone drains to the interflow

reservoir, also called shallow reservoir. As shown in Figure 3, from this shallow

reservoir, water can move towards the river (Q1), or can percolate to the groundwater

storages (0<perc) contributing to the in-stream base flow (QB). Figure 3 also shows the

flows between the base flow and the unsaturated zone (Quz), which would bring the soil

layers to field capacity when enough water is available in the base storages. The main

difference between both subcatchments is the feedback between the subsurface reservoir

and the root zone (Quz). In the "wet" reservoir, not all the water is allowed to move to the

unsaturated zone, where it is available for evaporation. However, in the "dry"

subcatchment the fraction of baseflow allowed to refill the unsaturated zone with base

flow water is much higher. The fraction for the "dry" subcatchment was fixed to 1. The

fraction of water available for evaporation for the "wet" reservoir was calibrated.
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3.1.7 Channel flow model

To represent in-stream flow processes, the hydrologic model (Mike She) is coupled to a

1-D hydraulic routing model (Mike 11) to account for the water exchange processes

between the river flow and the groundwater. The river network extent was calculated

based on a 10 m digital elevation model (DEM) using a stream initiation of 1 km2 , based

on field observations during the rainy season. The river network was discretized in

computational points every 50 meters. In these points, alternatively, water flow (Q-point)

or elevation head (H-point) was computed. At the H-points, the elevation head from the

ground water is compared to the elevation head from the stream to determine the

direction of the flow, whether from or towards the aquifer. Discharge from the interflow

and baseflow reservoirs is linked to the stream network and routed towards the outlet of

the watershed at the defined Q-points. As shown in Table 4, the coupled Mike She —

Mike 11 model requires a larger number of parameters.

3.2 Data

In this section the data used for the distributed model is described. As a distributed

model, Mike She requires extensive information. In addition to the meteorological data,
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the model needs detailed information about topography, vegetation, and soil

characteristics. The topography was derived from the 7.5 x 7.5 minute (1:24,000) SDTS

digital elevation model (DEM) obtained from the USGS (edc.usgs.govigeodata/). The

initial 10 m DEM grid cell size was averaged to a 200 m grid size using ArcMap (ESRI,

Redlands, CA). Thus, the 91 lcm2 Sabino watershed was discretized into 2,472

computational cells for which information about vegetation and soil type was also

needed. Watershed boundaries and the river network were derived from the DEM, which

was delineated using ArcMap tools, using the Sabino Dam — USGS Stream Gauge

location as the basin outlet. Furthermore, spatial distribution of climatological

information such as precipitation, temperature and evapotranspiration were also input of

the model. The sources of this data are explained in Section 3.2.2.

3.2.1 Vegetation, burned vegetation and soil information

Vezetation 

The Coronado National Forest provided the vegetation digital map for the Catalina

Mountains, together with a description of the main tree species present in each vegetation
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region (Earth Data Analysis Center, 1998). Figure 4a shows the five different vegetation

regions.

a

VEGETATION

Coniferous Forest

Coniferous Forest - T

Broadleaf Woodland

Decidious Riparian

Desertscrub

Figure 4 Vegetation (a), soil (b), burn severity (c) and subcatchments maps for Sabino

Canyon.

From the bottom to the top of the watershed these are (1) southwestern desert shrub,

straddling the bottom of the watershed; (2) deciduous riparian, found along Sabino Creek,

in the middle-lower part of the watershed; (3) broadleaf woodland (evergreen), mainly
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found at elevations ranging from 1300 to 2200 m; (4) coniferous forest —T (transition),

for elevations from 1900 m to 2200 m and, (5) coniferous forest (mixed-conifer), present

at elevations higher than 2200 m.

To define each vegetation type in Mike She, values of leaf area index (LAI), root depth

(RD) and crop coefficients are needed for each vegetation type, as well as the Kristensen

and Jensen parameter (Section 3.1). Table 1 shows the tree species found in the Santa

Catalina Mountains according to the Forest Service. Values of leaf area index (LAI) and

root depth (RD) were found in the literature for some of the tree species, mainly from

Breuer et al. (2003). For some of them, no value was found for the same species, but

other species with the same genus were found instead. In this case, the value of the other

species was used (Table 1, vegetation marked with one star). For some other cases, no

similar species were found. In that case, only the name of the vegetation type present in

the watershed was listed. A representative value for each vegetation type was determined

based on the values found in the literature for the different trees present in each zone

(Table 1).
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For the coniferous forest, at the top of the watershed, the LAI was derived from MODIS

data (Brown, 2005, Personal communication). MODIS (Moderate Resolution Imaging

Spectroradiometer) is a key instrument aboard both EOS (Terra and Aqua) satellites,

which covers the earth in 1 to 2 days, providing information about global characteristics

of the earth (LAI among others). Crop coefficient values are also included in Table 1.

This parameter was calibrated except for the coniferous trees, which according to Breuer

et al. (2003) can be represented by a constant value equal to the unity.

Two of the Kristensen and Jensen parameters were calibrated. These are C 1 , which is

plant dependent and determines the ratio of soil evaporation to transpiration, and Aroot,

which defines the distribution of water extraction with depth (Table 4). The rest of the

parameters for the ET model, C2, C3 and Cint were taken directly from the DHI Software

manual recommendation (DHI Software, 2004).



-g --E--
0. ..._.
o f,
-a m.
tu	 4D
u) Ci
Q) 	4..,
0 0
(75 0
> re

A- A- A--

.0
0
CL
0
.0	 •••
0 .01ç
u) -'
Q)
=

Ta'
>

et et
d

A-

E
.c
cl,
G)

CI

*c5
o
W

—
1--
....:-...

T". CO

_ —-
.,-

,:r
(6 szr le

Q)
E
cc
Z
c.)

4.7:
7--
C
Q)

*(7)
(/)

.

°E
a)
U)a,-,-
0
D

CJ

•
E

(D
N

CUc
ta
cic)..
a)

-o
co
2
o.
'E
D
-,

w.-ru•-•
ca)
:c'ES
c.)o
c o
2
0_
'ED
-,

U)
as

•Cr)
•-:.=.
c0
Ea>

,.
cn

D
0-
0
ci.

4:-.
COa)
:io5
—=
a)

..-zi
0)

D
0-
0

cl_

:=
r
6-
--
S

Ca
4-
iti
a:

E-2)°m
,,

. 070

co

Ca
"EnD
-,

cuo=m c cEo . 5 c 83
E 8

E
2

"12

"'"

=
'i)->.,
_1

ain
c3r)

'57
X
•-Tau)

.1,
u)
.-
ai

. 5
c

•-•Tuu)

-,r)

)•<.).1...

S)

it"
u_

(_12
C
,...
D

(1)

u
0
Cf

.13c

._

,—(1)

=
0

u)

s...
w0
0

—

•>No

«,
=
C
tu
E'
E
(i)D,-,

3
(30
"a)

C.)

›,
ET2

, rss,..)

-Én

2
0)
(i)

-co
C
vaa)
0

m o...-

0)g
)c

p
o
-5.,
.c

co-1-,5
0
ii,_
<

05.,

E
a)
(i)8

w
0

oo.-caz

s,;•zr.)

E
D

"
.c
0-

5
M
E
=i 3

"(D
0

ca
a)
c
.c»
a

. 00E ha)
a
"D30

0...

0o

co
.F.
TB
>
co. —CD-
Clu)
oI—
a_

CD•—(,)
c
c
-t,
' Fa
w
-0
c0
2
E.—co

(i),
a)
-(7)
_
'n
0

's=
. a>5
0-
00u_

a)

o_o_c

u)
(a.....

:a
(3
0
0mi

. z.3
3
<

c

cn
.7)
a).„,

0c
CU
c,
>
a'0)
<

CD
E
(tZ Y

CDo
L
0̂
E

L.L.I

L(T)
CL. —cD

•—•
n--
cc--0'
ci,
<

"D
0
0

c
o
o
C.)

-'2"o
E
2

1.1.-

2
0
E
Vil
u>,
(/)
coCo
1.<z

C
Ta...-
5
co
o

. 1.,zN N—

a•
tp-
Q
0

Cn

o
—

c
-C
Cl)
<

(1:1o
(0

.1:T)

s—
7

I—

.se(a

w>"

D
0
I-

:3-0-

0

>,
C

0)
O

(riE

.(0—.....
C

0
2

(O U)
D_c-.--,,
M
CO

(-)-t
CD
CO
(D
0

a.) va

ccti
NI

Ce2

Yra
°›..
"

Ill
ETIS

@-2
o>

CI_

co
D

u)

c° 0 cn>oo (-)0

2 E

a)...-=
o-u)
(D

-.--,..
W

>
R3715'5 0

«I
-0

--)

o_
475

0

@
—

CD
0

(1)
—

2
<

O.
0
2

CD
C
0
=••ta
G)
10)
Q)
>

c
.(0
ii)o_.c
a)
=
O

(7)
Q)
0

ili
iTso_ca_c

(._)

_o
2_c(.0
-c
cowa)
70

E
a)
17;a)
_c
o
u)



3 î.., _.0 f,
CO	 (D
CO) CI
0 ...
= 0To 2
> LI.

v-
CSi

ol
r

-aa)
0.
0

•-

U) —I CNI '‘I'
C)
0

TCI
>

E

Q. 'z---
Lo.

in
c.i

...-...-.
Lo.

40
0

F

CI

Ce

—
co v.) •,-- I--•-a-

r--
vi

°II' LI,•Lo cp.
u•-)

1.0
co

0.
cs)

Lc'.op

r--
ai
‘-•--to
Ili

ooC
2

0 LL
Eco
Z
C.)

n61:
CD
.0 a)

co
C
CO

..5-
CO

:=cn.c)
N
C

ci)
n

co
C
vcs =

c
'5,-
'-

E
o

a)
7°

u)
2

›,
-c

(0
—

c).
0-

E
o Eci) 22o0E 0-a)0- I)c ,-0(1.).-

C.)
0
E N-c C3)

'i.-.
0
-0

0-
0.-

'
-C•O-

(1)
-0

N
',7 """

CO
0U 0 :-.-15-a) cp"0 CC) (7,0

W v)n
CO
v)=

u)
m"

c
ocm.

cnCU 0
-
-t

0
--2 =,-

œcoc
'.---*ri)c

CC)--I.-.o
coa.

2.,
0)

'"="
c'Du)c

coo
2
w

2
0

a
'E

v)
=

co
=

co
=

E.
'E

°ir) 2a) 1:"
(T)

an
=

0
D

2,"
'E

.
'cl)

.
(1)

7 7 C C C 7 7 co C C , 7 :B-

o 0 a_ a_ LI --) 00cLEE-)(21<

Q)C
o-
Q)

C)
E
RI
Z

_Yco
o
a)
•E

a)
c._
c.
co (2)

c

a)
c
'a.
CD

:-a)
.0-Ec

.
03o,._

Y-coo
:.a2,---,_ "
....,

a)
c._D.
ro

*—_C

c
a).-.

,-a)0_
E CO

CU
0
L.,
o
E
w

CO
CoN
--
'.cZ

I.-
00.•,-,.
'5

Cf)
0
I-
o

-o0
o

o_

•-
{2,-,..,
"2...-.
cif.

7
_Cœ-,_E
E
c.)

•-•
,-.0

o.c)")
—
-7t

co
w_,_0...,

-----
iT)

$
COc
oNI

- c•
<

4=
ri)
CO
75)=
o
0

U)0
*-a)6c
o
ri

cf).„
%V

-c''S'
o
u)

--,
1.-
0
as,cr)
—
Zt

0

a)

-'-'E
CD
co

I-

.4=
0- -
5

Q.
=
2
o

—
Cco
55o
0

•,.._

c
o
'P
0
c
2

if)1-.=c
o
0
-6
0.X
2C

o
..r.

C13
0
"5

I—

ri) 17)

0 2 2
o

2
o

CM CO U- U-
0
> CQ)

cn=
cn=

2
F2)a)>

2
a)

hr-c
o

2
4)

:..=co
W O O



39

Soil

Soil information was derived from the United States Department of Agriculture — Soil

Conservation Service, USDA-SCS (1994), which has a public soil map at 1:250,000 scale

and data base called STATSGO (STATe Soil GeOgraphic database, USDA-SCS, 1994).

The soils present in the watershed (Figure 4b) are mainly sandy loam with different

cobble content at the surface. Their thickness (Table 2) varies from 0.5 m at the top of the

watershed to 1.5 m at the bottom. However, bare rock surface is common with areas with

very thin soil cover (0.25 m) in the middle part of the watershed.

Table 2 Statsgo data base and Van Genuchten parameters. MUID stands for Map unit ID

from the Statsgo data base, Saturated volumetric water content esat and the residual one

Or were derived from field observations and Statsgo. K, (mis) was measured in the lab for

27 sites (25 samples/each). Van Genuchten parameters (a, m, and n) were taken from Zhu

and Mohanty (2002). Calibrated parameter value in bolded.

MUID Order Surface Texture
Osat Or Ks a m n

rn3hia3 m3/m3 F inis] ki [-I I-1

AZ 045 Aridisols Very cobbly — sandy loam 0.4 0.08 4 10-4 0.027 1.44 0.308

AZ 246 Entisols Cobbly — sandy loam 0.4 0.08 4 104 0.027 1.44 0.308

AZ 272 Inceptisols Silt loam 0.45 0.1 9 1 0 0.005 1.66 0.397

AZ 273 Inceptisols Very cobbly — sandy loam 0.45 0.08 8 104 0.027 1.44 0.308
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The soil map is also linked to a Soil Interpretation Record (SIR), which contains more

than 25 physical and chemical soil properties, such as soil type, texture, permeability and

soil depth. However, due to its coarse resolution, only the type of soil and depth of the

soil was used from this database. Table 2 shows the different soil types in the basin

defined by their MUID number (Map unit ID), and their soil depth. As mentioned before

(Section 3.1), the relationship K-'F was computed using the Van Genuchten equation with

parameters as described by Zhu and Mohanty (2002). Table 2 summarizes the main soil

parameter values used in Mike She either as initial guess or as the calibrated value (in

bold).

Burned Soil and Vezetation

The Coronado National Forest Burned Area Emergency Response Team (BAER) mapped

the "vegetation burn-severity" of the Aspen Fire (BAER, 2003) (Figure 4c). The rating

system is based on the quantity of green leaves remaining after the fire. When most of the

vegetation remains untouched by the fire the burn severity is low. Moderate burn-severity

is used to describe an area in which the ground is covered by a mixture of ash, leaf litter
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and unburned organic matter. Finally, for a high burn-severity, all the vegetation is

blackened and the soil surface is covered with ash.

To implement the burn severity in the model, the three different ratings for vegetation

burn-severity (Figure 5a and 4c, same plots) were reduced to only two (Figure 5b), by

combining the high and medium burn severity areas. Thus, to represent the burned

vegetation, only high and low burn severities were distinguished. For both burn severities

the LAI was assumed to be equal to zero. However, for the high burn severity C2

(Equation 6) was also set to zero, with the effect that no transpiration was taking place in

the high burned areas. When f, (LAI). o soil evaporation for the high burn severity

zones is given by

E, = E x • f3 (6))+ E „(1 — f3 (9)) . L (19), (13)

which results in larger soil evaporation rates than Equation 8 for the unburned situation.

For the low burn severity areas, C2 was set to its calibration value (Table 4) and so, even

though reduced, some transpiration occurred in the low burned areas. The soil

evaporation in this case was given by



E s = Ex • f3 (0)+ E pc (' — C 2 f 2 (19)RDF f3 (0 )) • f4 (9). (1 - C2 )

In this case, even though no leaves are transpiring, some transpiration occurs due to root

extraction from the soil. As a result, less water is available for soil evaporation.

Consequently, as will be discussed in Sections 4 and 5, soil evaporation is smaller in low

burn severity areas than in high burn severity areas.

Figure 5 Burn severity maps. a) Burn severity map from the BAER team, b) Model

implemented vegetation burn-severity and c) extension of the hydrophobic layer.

To represent the effect of fire on soil physical properties, the saturated effective hydraulic

conductivity was reduced by two orders of magnitude from the calibrated hydraulic

conductivity value. The reduction was done for the entire fire affected area as shown in

Figure 5c.

42

(14)
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3.2.2 Meteorological forcing data

Precipitation, temperature and potential evaporation are the main meteorological data

used for the distributed model. Due to the steep watershed topography (Figures 1 and 6),

strong precipitation and temperature gradients exist between the bottom (828 m) and the

top (2789 m) of the watershed.

r

II

elevation (m)

I 2450 - 2800

I 2100 - 2450

1750 - 2100

1400- 1750

1050- 1400

700 - 1050

Gauges

USGS

PC-FCD

0 Soil Sample

NWS

SAHRA Tower

Figure 6 Watershed elevation zones and gauges locations.

The average annual temperature at the bottom of the watershed is around 19°C (66°F),

while it is 5°C (41°F) at the top (averages from 1941-2004). The average annual

precipitation at the bottom of the watershed is 300 mm/yr (12 in/yr) and increases to
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more than 800 mm/yr (31 in/yr) near the top (averages from 1998 - 2004). To represent

this important orogaphic effect, the watershed was divided in six isohyet-isotherm zones

of 350 m elevation difference as shown in Figure 6.

Precipitation 

Pima County Flood Control District operates an Automated Local Evaluation in Real-

Time (ALERT) system (PC-FCD, http://alert.dot.pima.gov/scripts/pima.p1) of real-time

gauges for collection of hydrometeorological data (rainfall and stream flow). Rainfall

data from six of the ALERT system gauges (Table 3) were used to derive the

precipitation for the six isohyet zones in Sabino Watershed. The six rain gauges on which

the input precipitation is based are marked in Figures 1 and 6 with a grey triangle (two of

them underneath the stream gauge symbols). The gauges are tipping bucket rain gauges

which record the time of each tip (1 mm depth increments). Rainfall data are not

subjected to any quality control filter, because PC-FCD uses the data mainly for flood

monitoring. Precipitation data can be affected by errors inherent to the gauge, such as no

record of precipitation events with less than 1 mm precipitation, and evaporation of the

water in the tipping bucket before it is recorded. Other possible data errors are associated
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with blockage caused by bugs, and trees near the gauge. Wind effects and snow blockage

can lead to underestimation of the amount of snow.

Table 3 Pima County Alert and National Weather Service gauges locations. Sensor name,

ID, and location.

E--(

8

Name rp Latitude Longitude Elevation (m)

Mt. Lemmon 1090 32° 26' 29.0" -110° 47' 17.1" 2,743

Marshall Gulch 2290 32° 25' 12" -110° 45' 5.04" 2,191

While Tail 2150 32° 24' 49.7" -110° 43' 55.7" 2,560

Green Mountain 2280 32° 23' 39.1" -110° 41' 14.6" 2,377

Sabino Dam 2160 32° 18' 53.4" -110° 48' 38.9" 876

Molino Canyon 2240 32° 18' 41.7" -110° 42' 43.6" 1,170

.K.D
Z

Sabino Dam 027355 32° 19' -110°50' 804.7

Mt. Lemmon 1 025732 32°27' -110°45' 2,375

Mt. Lemmon 2 025733 32° 26' -110° 43' 2,345

Mt. Lemmon 3 025734 32° 27' -110° 48' 2,788

Palisades 026202 32° 26' -110° 43' 2,425

Tucson Campbell

Ave.
028796 32° 17' -110°57' 710

National Weather Service (NWS) daily precipitation data was also used. Five NWS

stations intermittently monitored and recorded daily climatological data in the watershed

and surroundings from early 1941 to 1982 (grey squares in Figure 6). Four of the NWS

stations were located at the top of the watershed, and the fifth one at Sabino Dam (Table

3).

The following steps were followed to construct the model input time series:
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Step 1: Gauges located in the same elevation zone were lumped together to fill missing

values. Double mass curves were used to compare the records for the overlapping time

periods, and the resulting relationship was used to extrapolate the missing values.

• Mount Lemmon rain gauge (ID: 1090) and White Tail station (ID: 2150)

combined to fill missing values. Both stations are located at similar elevations.

• The combined precipitation was extrapolated to the entire elevation where both

stations are located (2450 - 2800 m).

• Green Mountain station data (ID: 2280) was extrapolated to the zone between

2100 m and 2450 m.

• Sabino Dam (1D:2160) precipitation data was compared with US Geological

Service precipitation data. USGS data was considered correct, but the gauge had a

shorter record. A combined precipitation record was used for the elevation zone

from 700m to 1050 m.

Step 2: Precipitation data for the zones without rain gauges was extrapolated first from

lower elevation precipitation series (if available) or from the higher elevation. The
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extrapolation was done using a monthly precipitation lapse rate derived from daily NWS

data at the top and bottom of the watershed.

• Two precipitation and temperature records, one for the top of the watershed, and

another from the bottom, for the same period of time were selected. From these

records a constant monthly precipitation and temperature lapse rate was

calculated.

• The precipitation lapse rate was used to extrapolate precipitation time series for

the middle zones where no gauge are present.

Step 3: The missing values were filled first using data from nearby zones. If there were

still missing values, hourly data from a precipitation gauge located near the bottom of

the watershed was used.

• By comparing the available data for the six elevation zones, missing values were

filled using the lapse rate mentioned in step 2.

• In the case that none of the stations had data for a certain period of time, a

different approach was used to fill the data. Daily precipitation data from a NWS
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station located near the bottom of the watershed (Tucson Campbell Ave. ID:

028796) was used. The daily precipitation NWS was disaggregated into hourly

precipitation data by sampling randomly from the historic record for each

elevation zone.

Figure 7 shows the average annual treated precipitation compared with the annual

averages measured by NWS, and by PC-FCD. The figure shows a good agreement of the

treated data to the original NWS data, and PC-FCD.

1400

,_., 1200

1000

800

-5 600
Q)

400

200
500

Figure 7 Average precipitation for the different elevations zones, compared with the

NWS data and Pima County.

Because the precipitation was measured with rain gauges, winter precipitation for the

1000
	

1500	 2000
	

2500
	

3000
Elevation (m)

higher elevations of the watershed, where snow precipitation is common, was likely
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underestimated. This problem was slightly reduced by using the NWS stations to derive

the precipitation lapse rate, and by filling the missing values using lower precipitation

series where snow is less common. However, the latter could have led to an

underestimation of the number of precipitation events at higher elevations, where

precipitation occurs more frequently.

Temperature

The temperature data was retrieved from the NWS, which has long records of daily

maximum and minimum temperature available for some stations in and around the

watershed. Similarly to the precipitation, a monthly temperature lapse rate was calculated

by using the NWS climatological stations of Table 3. This lapse rate was applied to

derive temperature in each of the elevation zones. Daily maximum and minimum

temperature was available for the bottom of the watershed. Based on temperature data at

the SAHRA (Sustainability of semi-Arid Hydrology in Riparian Areas)

Micrometeorological Tower (grey tower, Figure 6), 6 a.m. and 2 p.m. were assumed to be

the times when the minimum and the maximum temperature occurred. A Hermite spline

(Recktenwald, 2000) was then fit through the daily minimum and maximum temperatures
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to simulate a diurnal cycle and approximate the hourly temperature. The resulting hourly

temperature was extrapolated to the rest of the watershed zones by using the previously

calculated lapse rate.

Potential Evapotranspiration

Mike She does not calculate evapotranspiration directly from meteorological data.

Instead, potential evapotranspiration (ET o) is an input to the model. DHI Software (2004)

recommends using the FAO (Food and Agricultural Organization, United Nations)

Penman-Monteith equation (Allen et al., 1998) to calculate the potential

evapotranspiration. The FAO Penman-Monteith equation is based on Penman-Monteith

equation which provides accurate results of ET0 at daily time step. However, because of

the non-linearity of the equation, for hourly time steps, FAO recommends a slightly

modified equation

37	 / / n 	 \

ET =
0.408A(Rn — 0+ y 	 u 2 e o kT)--ea )

T + 273 
0 

A + y(1+ 0.34u 2 )
(15)

where ET0 is the reference evapotranspiration [mm hr -1 ], Rn is the net radiation at the

grass surface [MJ I11-2 hr-1 ], G the soil heat flux density [MJ m-2 hr-i,,i Thr is the mean
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hourly air temperature [°C], A is the slope of saturation vapor pressure curve at Thr [kPa

°C -1 ], y is the psychrometric constant [kPa °C -1 ], e0 (Thr) is the saturated vapor pressure at

air temp Thr [kPa], ea is the average hourly actual vapor pressure [kPa], and u2 is the

average hourly wind speed [m s -1 ] (Allen et al., 1998).

In the FAO Penman-Monteith equation the evapotranspiration is calculated for a

hypothetical reference crop with an assumed crop height of 0.12 m, a fixed surface

resistance of 70 s/m and an albedo of 0.23 (Allen et al., 1998). This potential evaporation

is then used in Equation 3 to obtain the potential crop evaporation (Eve), which is used by

the model to calculate the different components of the evaporation (Equations 4, 5, 8)

given the soil moisture and vegetation status. The soil heat flux at hourly time step was

calculated by following the FAO recommendations (Allen et al., 1998). During daylight

periods, the soil flux is given by:

Gh,. = 0.1R„ ,	 (16)

while at night

Ghr = 0.5R,, .	 (17)
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In these cases G is positive when the soil is warming. The inputs to the FAO Penman-

Monteith equation were derived from hourly temperature, precipitation and wind speed

using the VIC model (Liang, et al. 1994). A constant wind speed of 2.44 m/s was used

based on observations at the SABRA meteorological tower (Petti, 2004, Personal

communication).

3.2.3 Calibration data

Observed evapotranspiration data from the SAHRA Micrometeorological Tower — Mt.

Bigelow (Tower in Figure 6) (Petti, 2004, Personal communication; Brown, 2004,

Personal communication) was also used for the calibration of the distributed model. In

this case, no missing values were filled, and only averaging for aggregation from the 15

min observation interval to the hourly model time step was done to allow comparison.

Previous studies indicates that a 8 to 11 years data set is needed for model calibration in

order to represent different climate conditions (wet, medium and dry years), and to obtain

a calibrated model that provides consistent predictions with observations (Vrugt et al.,

2005). In the present study, only nine years of stream flow data were available at 15

minutes time step from the US Geological Service (ID:9484001) at the outlet of the
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watershed. This data was aggregated to an hourly time step by averaging the flow data

over each one hour interval. An average stream flow value at Marshall Gulch (center star

Figure 6) was calculated (from 1951 to 1959) and compared to the simulated average

stream flow value at the same location.

According to Madsen and Kristensen (2002) a multi-parameter and multi-site calibration

procedure must be used in order to make distributed predictions for the state variables. In

this study, because of the lack of data, only multi-objective and multi-variable calibration

was performed, along with runoff calibration at the outlet of the watershed for the overall

watershed behavior, increasing the uncertainty in the model predictions for different

processes and sites different than the calibration ones.

Almost two years of evaporation (Figure 8) and nine months of soil moisture data (Figure

9) were provided from the SAHRA tower (Tower in Figure 6) (Petti, 2004, Personal

communication; Brown, 2004, Personal communication) and used for calibration

purposes. The tower is located at 32° 25' 00" N and 110° 43' 31.85" W at 2,583 m above

mean sea level, surrounded by a coniferous forest. Soil moisture is measured every 15

minutes with TDR probes which are installed horizontally at depth of 5.1 cm (2 inches),
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and 25.4 cm (10 inches). A third probe is installed vertically and measures average soil

moisture from the surface to 25 cm below the surface.

co>" 20
-0

Figure 8 Observed evaporation at the SAHRA Micrometeorological Tower.

imE 0.4
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Figure 9 Observed soil moisture at different depths at SAHRA Micrometeorological

Tower (Petti, 2004, Personal communication). The black dots indicate soil moisture at 5

cm depth, the dark grey at 25 cm depth and the light grey is measured with the TDR

vertically from the surface.
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3.3 Calibration

Few cases are reported in the literature where models have used only field measured data

instead of calibrated parameters (Beven, 2001). In this study, most of the parameter data

was retrieved from the literature. As mentioned by Refsgaard and Storm (1996) and

Refsgaard (1997), a rigorous parameterization procedure should be done to avoid

overparameterization and reduce the number of free parameters to be adjusted during the

calibration.

Parameters

Mike She needs up to 77 parameters (Table 4). Twenty-six of the parameters represent

single, basin-wide values, while the remainder must be specified for each individual

pixel. The methodology used to decide which parameters would be calibrated, depended

strongly on their availability, and their sensitivity. Parameters, for which literature values

could be found for a semi-arid climate, were fixed to this value. The remainder, for which

no good values were found, were calibrated. The calibrated parameters were gathered in

three groups. This reduced the number of model runs, by focusing on a single group at a

time. The parameters were grouped in (1) parameters related to vegetation and land use,
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(2) parameters related to the soil and unsaturated zone, and finally (3) parameters related

to the linear reservoir and ground water flow.

For the vegetation and land use related parameters, five parameters were calibrated: two

of the Kristensen and Jensen (1975) coefficients (CI and Aroot) and the crop coefficients

for three different vegetation types (KO. Varying the value for these three parameters, the

model changes the rate of evaporation in the watershed. C 1 controls the ratio of soil

evaporation to transpiration, and Aroot focuses on the distribution of water extraction

with depth (DHI Software, 2004). Crop coefficients for desert shrub vegetation (Kc1),

riparian vegetation (Ka) and evergreen vegetation (Kc3) were calibrated. The crop

coefficients have a direct impact on the amount of potential evaporation for each

vegetation type.

For the soil and unsaturated zone, soil depth and hydraulic conductivity were the

parameters calibrated. Soil depth for the sandy loam 1, 2 and the silt loam (Figure 4h)

were calibrated. According to Statsgo (USDA-SCS, 1994), the depth for the sandy loam 3

is similar to that for the sandy loam 2. Consequently, they were considered as only one

parameter. Saturated hydraulic conductivity (Ks) was calibrated for the sandy loam and
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for the silt loam, assuming all sandy loam soils had the same saturated hydraulic

conductivity. The initial value used for the hydraulic conductivity was derived from field

data measured by Chief (2004, Personal communication).

The third group of calibrated parameters was related to the saturated zone and linear

reservoir module. For this group, six parameters were chosen for calibration. The time

constants for the interflow (KO, baseflow (Kb) and percolation (Kr), the "wet" feed back

coefficients (LIZ feed back, Section 3.1) and the storage for the shallow and base

reservoir. The storage was calculated as the product of the yield times the depth of the

linear reservoir (Yi*D„ Yb*Db). Even though two subcatchments were defined, "wet" and

"dry", with two base flow reservoirs each (Figure 4d), the linear reservoir constants for

the reservoirs were assumed to be the same (percolation, interflow and baseflow). Only

the "UZ feed back" fraction was set up differently for the "dry" and the "wet" reservoirs.

In the case of the "wet" reservoir, the "UZ feet back" fraction was calibrated. A "UZ feed

back" fraction of one was assumed for the dry subcatchment. This effectively increases

the moisture available for evapotranspiration in the "dry" subcatchment.
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Table 4 Mike She parameters database. Coefficients in bold were calibrated.

Parameter Min value Max value Initial guess
Cal.

Value
Ref

=
.2,-,al

-1,35to

a)
5
-ti=

Kristensen and

Jensen parameters

Cl (-) 0 1 0.3 0.7

C2 (-) 0 1 0.2 0.2

C3 (mm/day) 10 50 20 20 i

Cint (mm) 0 - 0.05 0.05 vi

Aroot (-) 0.1 0.2 0.25 0.25

Southwestern

Desert

LAI(-) 0 7 1 1 ii

Root Depth (m) 0 6 4 1 ii

Kc (-) 0 1.5 1 1.5

Deciduous

Riparian

LAI(-) 0 7 4 4 ii

Root Depth (m) 0 1.1 1 1 ii

Kc (-) 0 1.5 1 1.5

Coniferous

(Mixed)

LAI (-) 0 7 10.7 4 ii

Root Depth (m) 0 2.5 1.8 1.8 ii

Kc (-) 0 1.5 1 1 iii

Coniferous

(Transition)

LAI(-) 0 7 7 4 ii

Root Depth (m) 0 2.1 2.1 ii

Kc (-) 0 1.5 1 1 iii

Evergreen

LAI (-) 0 7 2.3 2.3 ii

Root Depth (m) 0 1 1 ii

Kc (-) 0 1.5 1 1

50	 0
>	 .~ Bed Resistance Manning (-) 0.01 0.1 0.075 0.075 iv

,_.
0 -

.T-n

Roughness coef.

overland flow

Strickler coef (-) 83.33 30.30 50 50 v

Detention Storage (mm) 0 0.5 0.5 vi
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Parameter Min value Max value Initial guess
Cal.

Value
Ref

a)

N
-cis.)
c

-to
zes-.-o

cn

I
4	 5›,	 c)

N
c9cn

Depth (m) 1.5 0.5 vii

Os (m3/m3) 0.283 0.541 0.4 0.4 viii

Or (m3/m3) 0 0.106 0.08 0.08 viii

pFfc (log(cm)) 2 2.47 2 2 ix

pFw (log(cm)) 4.17 >4.9 4.9 4.9 ix

alfa (cm-I ) 0.0095 0.075 0.02691 0.02691 x

n(-)ô 1.122 1.86 1.445 1.445 x

Ks (m/s) 0.0004 0.003 x

1(-)
-Os

0.5 0.5 x

E	 5
o	 sz,

,zi-
--

-o	 1

N

Depth (m) 0.25 0.25 vii

Os (m3/m3) 0.283 0.541 0.4 0.4 viii

Or (m3/m3) 0 0.106 0.08 0.08 viii

pFfc (log(cm)) 2 2.47 2 2 ix

pFw (log(cm)) 4.17 >4.9 4.9 4.9 ix

alfa (cm') 0.0095ID 	tc;1' 0.075 0.02691 0.02691 x

n(-) 1.122 1.86 1.445 1.445 x

Ks (m/s) 0.0004 0.003 x

1(-) 0.5 0.5 x

s)co
N
-toa.)

I

g
ôcn

E

g 8o (71
,-

i7i	 8
....

Depth (m) 0.5 0.5 vii

Os (m3/m3) 0.394 0.578 0.45 0.45 viii

Or (M311113) 0 0.058 0.04 0.04 viii

pFfc (log(cm)) 2 2.47 2 2 ix

pFw (log(cm)) 4.17 >4.9 4.2 4.2 ix

alfa (cm') 0.0013 0.0186 0.005 0.005 x

n(-) 1.20 2.29 1.659 1.659 x

Ks (m/s) 0.0009 0.09 x

1(-) 0.5 0.5 x
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Parameter Min value Max value Initial guess
Cal.

Value
Ref

(1.)
oo
N
-oa>
tzi

ovs
.-
ocn

5Ect	 o
o	 c>

cl el

Depth (m) 0.5 0.5 vii

Os (m3/m3) 0.283 0.541 0.45 0.45 viii

Or (m31m3) 0 0.106 0.08 0.08 viii

pFfc (log(cm)) 2 2.47 2 2 ix

pFw (log(cm)) 4.17 >4.9 4.2 4.2 ix

alfa (cm-1 ) 0.0095 0.075 0.02691 0.02691 x

n(-) 1.122 1.86 1.445 1.445 x

Ks (m/s) 0.0004 0.0004 x

l(-) 0.5 0.5 x

'4)

C

. 5

o°)o
N
-ti0
('73'

':01

ô
T)
5

Yi (-) 0.1 0.4 0.2 0.35

Total Depth (m) 0 2.5 0.5 0.5

Ki (days) 0.1 10 5 0.15

Depth interflow (m) 0 Tot Depth 0.1 0.1

Kp (days) 0 20 10 1

E Yb

•-t:

ô
(9
ed

aQ

Fraction (-) 0 1 0.5 0.5

(-) 0.1 0.4 0.4 0.4

Kb (days) Ki 20 15 3.5

Dead stor.fract (-) 0 1 0 0

UZ feed back (-) 0 1 0.5 1

Depth(m) 0 Tot. depth 0.1 0.1

Total Depth (m) Depth interflow 3 3

3)

ô
90es
r4

Yb (-) 0.1 0.4 0.4 0.4

Kb (days) Ki 100 3.5 3.5

Dead stor.fract (-) 0 1 0 0

UZ feed back (-) 0 1 0.5 0.8

Depth (m) 0 Tot Depth 0.1 0.1

Total Depth (m) Depth interflow 3 3

DHI Software 2004, ii.- See Table 1, iii.- Allen et al., 1998 iv.- Nolan et al., 2003, v.-

Woolhiser, 1975 and Engman, 1986, vi.- DHI Software, 2004, vii.- USDA-NRCS, 1994,

viii.- Rawls et al., 1982, ix.- Stephens, 1996, and x.- Zhu and Mohanty, 2002.



61

To ensure consistency between model simulations and observations a variety of

calibration procedures are reported in the literature (Moradkhani et al., 2005). One of the

simplest methods is by visual inspection, comparing model simulations with

observations, and using the difference and a trial and error approach to find a better

parameter set (Gupta et al., 2003). This is called manual calibration, which, to a certain

degree, is the methodology followed in this study. Three different efficiency criteria were

used to define how close the observations were to the simulations. The number of

parameters to be calibrated for a distributed model makes manual calibration a long and

often tedious task. To reduce the number of model runs the calibrated parameters were

grouped as mentioned before. Furthermore, a systematic procedure was followed to

increase the effectiveness of each run, and achieve a good model simulation performance

with the model runs for three different variables: stream flow, evapotranspiration and soil

moisture.

The calibration period was selected first because of data availability, and secondly to

represent both dry and wet years. The calibration period for the stream flow is from June

2000 to June 2003. The available evapotranspiration data for the calibration period is
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from September 2002 to June 2003, and for soil moisture from July 2001 to the end of

April 2002. Neither evapotranspiration (ET) nor soil moisture (SM) records were long

enough to use for validation, so only stream flow was validated for a three year period

from June 1997 to June 2000.

Table 5 Average precipitation for the watershed.

Calibration period Average Annual Precipitation (mm)

1996 - 2004 549

Validation period (June 1997 — June 2000) 559

June 2000 to June 2001 412

June 2001 to June 2002 106

June 2002 to June 2003 243

Calibration period (June 2000 — June 2003) 253

The annual average precipitation during the three years of the calibration period shows a

large variation (Table 5). The period from June 2001 to June 2002 was one of the driest

in recent history with a total precipitation of 106 mm. During the previous year, from

June 2000 to June 2001, the amount of precipitation was 412, almost four times the 2001-

2002 precipitation. However, even this last period had less precipitation than the average

for the period 1996-2004, which was estimated at 549 mm/yr. Consequently, the

calibration was done in a slightly dry period. On the other hand, the validation was done
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over a period where the mean annual precipitation was in the range of the average

calculated for 1996 — 2004, with 559 mm (Table 5).

To measure the performance of each model simulation a set of performance criteria

(multi-objective function) was defined. The performance criteria comprise a combination

of three numerical measurements (also called efficiency coefficients):

- Overall water balance, to check the overall water balance performance, given by

Equation 18. This Equation shows the water balance error equation for an hourly

variable A.

H 	 H

Error _WB = E Ay Sim/ AiE  — Obs
h=1	 h=1

(18)

Error_WB is one when the observed an simulated depths or volumes are the same over

the period of the model simulation.

- Nash and Sutcliffe coefficient (R2), which focuses on the ability of the simulation to

fit the peaks. R2 is one minus the ratio of the mean square error of the simulations to

the variance in the observed data given by

R2 =1—	 _ Obs — Ah _SiMY I (Ah _Obs — Ah _ObS)2

h=1	 h=1
(19)
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where A1, is either the hourly stream flow, the hourly evapotranspiration, or the hourly

soil moisture, and Ah_Obs the observed one. R2 ranges from minus infinity (poor

model) to one (perfect model). When R2 equals to zero, the difference between

simulations and observations is as large as the variability in the observed data. If R2 <

0 the observed mean is a better prediction than the model (Legates and McCabe,

1999).

- Exceedence Index (BI), also called flow duration curve index, which provides a

quantitative measure of the statistical agreement between calibrated and observed

quantities for different exceedence probabilities. ET is given by

El =1— f[f Oh _Obs)— f (Ah _Sim)]dal ilf Oh _ObsAda , (20)

where Ah is either the observed and simulated hourly stream flow, ET or soil

moisture, f is the exceedance probability of a determined event, and da is the

probability step. The ET coefficient ranges from 0 to plus infinity A perfect

agreement for this coefficient would be one.
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Together with these three efficiency measurements, two graphical plots were also used:

visual inspection of simulated versus observed quantities, and flow duration curve plots

of simulated and observed quantities.

The purpose of these criteria is to measure how closely the simulated series of hourly

flows, ET or soil moisture reproduce the observations. The different criteria focus on

different parts of the observation record, such as the overall performance, the peaks, and

statistical match.

Calibration methodoloffp

A three step procedure was used during calibration. The goal in the first step was to

minimize the overall water balance error given by Equation 18 mainly by changing the

five calibrated parameters related to vegetation and land use (first group). The parameter

set was taken to be calibrated when the overall water balance error fell between the

following thresholds: 0.9 � WB _Error � 1.1. For this first step, the Ah is the hourly

variable (Equation 18), either stream flow or evapotranspiration.
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Once the first criterion was successfully satisfied, the second step was to minimize the

Nash and Sutcliffe coefficient (R2, Equation19) and the flow duration curve index (ET,

Equation 20), by focusing on the soil related parameters. The thresholds for the Nash and

Sutcliffe coefficient and ET were more relaxed than in the water balance error. A

parameter set was called calibrated when the R2 error was between the limits 0 <R2 � 1

and ET coefficient between 0.8 � El .� 1.2.

The final step was to tune the parameters values by changing the linear reservoir

parameters. Apart from minimizing the error in the three efficiency criteria, simulated

and observed quantities were also inspected visually. Summarizing, the called calibrated

parameter set fulfilled the following requirements regarding the efficiency coefficients:

{0.9 � WB _Error 5_1.1

->Calibrated Parameter Set —0 <R2 � 1

0.8..� E7 � 1.2

(21)

3.4 Validation

The parameter set that fulfilled the performance criteria mentioned in Section 3.3 (values

listed in Table 4) was run over a different period of time to validate its performance. The
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period from June 1997 until June 2000 was used for validation of the hourly stream flow.

No data was available to validate evapotranspiration or soil moisture, so these two

parameters were not validated. Efficiency coefficients for the validation period are

discussed in section 4.1.

3.5 Scenarios

The main goal of the project is to better understand the hydrological processes affected

by fire. To this end, a comparative analysis of different model scenarios was performed,

in which each scenario was compared to a reference simulation which represented no

change in model parameters. This methodology reduces the effect of the uncertainty in

the input forcing data, and the uncertainty resulting from the calibration and validation by

comparing model simulation with model simulations. Furthermore, all the scenarios

analyzed represent extreme situations. For example, the presence of a hydrophobic layer

is usually not continuous in space, nor in time (Doer et al., 2003), but in the third scenario

the hydrophobic layer was assumed as a continuous layer over the extent of the fire

affected area.
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A reference situation, also called base line simulation, was defined by running Mike She

using the pre-fire calibrated parameter set for the entire record of input data, i.e. the

parameter values presented in Table 4 were used for the nine years of data @re and post

fire). Four different scenarios were compared to this reference scenario. Each of the

scenarios focused either on one property affected by the fire, such as loss in vegetation

and presence of a hydrophobic layer, or the combined effect of both vegetation loss and

hydrophobicity.

In the first scenario, the calibrated parameter set from the reference situation, was used to

run the model from June 2003 (start of the fire) to September 2004 (the end of the

available record). By running the model during the post-fire period, but using the pre-fire

calibrated parameters, a non-burned simulation was obtained. This first scenario focuses

on the overall effects of fire in watershed hydrology.

The second scenario studied the specific effect of reduction of vegetation on the

watershed hydrology. The LAI in the burned areas was assumed to be equal to zero. To

eliminate transpiration in the high burn severity areas, C2 was also set to zero, so no

transpiration was taking place in the high burned areas. For the low burn severity areas C2
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was set to its calibrated value (Table 4). Thus, transpiration was reduced, because LAI

was equal to zero, but not eliminated.

Fire can create a hydrophobic layer in the upper part of the soil (Doerr et al., 2000;

Lettey, 2001; Doerr et al., 2003; Doerr and Moody, 2004). The presence of a

hydrophobic layer can decrease the infiltration rate several orders of magnitude (Doer et

al., 2003). The third scenario analyzes the consequences of a reduction of saturated

hydraulic conductivity (1(,) in the fire affected area. In this scenario, the saturated

hydraulic conductivity of the first 10 cm of the soil was reduced by two orders of

magnitude from its initial calibrated value in areas affected by the fire (high and low burn

severities).

The fourth scenario examined the combined effects of both, vegetation loss and the

presence of a hydrophobic layer. This scenario combined all the parameter changes made

in scenarios 2 and 3.
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4 RESULTS

The main goal of this research is to assess the hydrological processes at the watershed

scale that are affected by fire. Different scenarios were run and compared to a reference

situation or base line simulation to assess the importance of the different properties that

are modified by fire. Results from the base line simulation and the scenarios are

presented in sections 4.1 and 4.2, and discussed in section 5.

4.1 Base line simulations

The base line simulation, in this case, refers to the pre-fire conditions. The model was

calibrated and validated for a three year period before the fire happened, using a rigorous

parameterization and calibration procedure as explained in sections 3.3 and 3.4. The

calibration process led to a calibrated parameter set, which is the parameter set used for

the base line simulation, also called the reference simulation.

Figure 10a shows the largest stream flow event during the calibration period of the base

line simulation. A typical monsoon event is shown in Figure 10b. The two events shown
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in Figure 10 correspond to the two major stream flow events during the calibration

period.

11-

r.

b 01P07/02	 01/08/02—	 01109/02	 01/10/02

Figure 10 Observed and base line simulated stream flow for few months during the

calibration period (a and b)

Sabino Canyon watershed, as mentioned in the introduction, is characterized by a semi-

arid climate with monsoon storms in summer (Figures 10a and 10b) and low intensity

storms in winter and early spring, with some snow precipitation or melting (Figure 11).

Figures 10 and 11 show the difference in performance of the calibrated parameter set for

these two different types of events. Summer events are characterized by storms of short

E 10
- 20
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duration, relatively high intensity and limited area extent; the stream flow response is

faster and the peaks are sharper. The simulated events usually capture the magnitude of

the first peak but do not capture the magnitude of the other peaks (Figures 10a October

2000, and 10b August 2002). The recession curves in all these events are usually

overestimated.

Figure 11 Observed and base line simulated stream flow for few months during the

validation period.

Winter storms are usually frontal-type storms of lower intensity, sometimes with solid

snow precipitation (Figure 11 December 1998). In this case, the peaks are captured and

the recession curves are still overestimated but not as much as during the summer storms.

In spring, these low intensity storms have snow melting associated with them (Figure 11

March 1998). The snow melt events show a good agreement with recession curves for

simulated and observed stream flow; however, the volume of stream flow simulated is



73

smaller than the observed. This is most likely due to an underestimation of the snow

depth in the basin, because of the lack of any snow depth data, and the possible blockage

of the rain gauges by snow during strong snow storm events. Figure 10 show an

extraordinarily large snow-melt event, the largest during the data record. This event is

associated with a wet and cold winter, with almost 500 mm of precipitation from October

1997 to May 1998.

Despite the important differences in the total amount of precipitation between the

calibration and the validation periods (Table 5), both periods of time show a very good

water balance agreement between the overall simulated and observed streamflow. In both

cases (the validation and the calibration period) the model overpredicts the total observed

stream flow with a water balance error not larger than 1.04 (Table 6).

Table 6 Efficiency coefficients for the calibration and the validation periods

Criteria

Calibration Period Validation Period

Q ET SM Q

06/00 -

06/03

09/02 -

06/03

07/01 -

05/02
06/97 - 06/00

Overall Water Balance Error (WB) 1.04 0.72 0.99 1.02

Nash and Sutcliffe Coefficient (R2) -0.50 -0.99 -1.74 0.01

Exceedence Index (ET) 1.28 0.92 1.43 1.14
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The efficiency coefficients for the calibration and validation of the base line simulation

are shown in Table 6. Peaks seem to be better captured during the validation period than

during the calibration period, with a Nash and Sutcliffe coefficient closer to one for the

validation period. This could be due to the presence of wetter years, with more events

during the validation than calibration period. Flow duration curves provide a statistical

measure of the agreement between observation and simulation. The flow duration curve

index provides a quantitative measure of the agreement between both simulated and

observed, while the curves themselves demonstrate the level of agreement between the

simulated and observed for different exceedance probabilities. Figures 12 and 13 show

the flow duration curves for each of the calibration years individually and for the whole

period.

Figure 12 illustrates the difference in the performance during drier years compared to

wetter years. For the period from June 2002 to 2003, simulations and observations are

close each other. There is some overprediction for mid size flows and under prediction of

high flows (> 10 m3/s), but the low flows (< 5 m3/s) are captured. During the wettest year

of the calibration period, June 2000 to 2001, simulated and observed flow duration curves

show a better agreement for the high flows.
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Figure 12 Streamflow duration curves for the individual years of the calibration period

However, the medium flows are still overpredicted. The calibrated model is not

reproducing correctly the driest year (from June 2001 to 2002), during which the model

underpredicts the streamflow. In the flow exceedance, or flow duration curve for the

entire calibration period, the model slightly underestimates the peaks and overpredicts the

mid and low flows (Figure 13).
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Figure 13 Streamflow duration curves for the entire calibration period.

During the validation period, the flow duration curve does not perform as well (Figure

14). The high flows are underestimated and the mid-low flows overestimated. The

underestimation of the high flows is dominated by one event. A large storm occurred in

mid July 1999 with a peak flow higher than 200 m3/s. The model only simulated a peak

flow of 50 m3/s. The flow duration curve index (Table 6) has a value closer to 1, because

during this period the model is underestimating streamflow less than during the

calibration period.

ti5 0

Exceedence Probability ( % )

Figure 14 Streamflow duration curve for the validation period.
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According to Refsgaard (1997), a distributed model should be validated according to its

future applications. In the present study, we are interested first in the overall watershed

response obtained from the streamflow data. However, we are also interested in the

distributed changes in the watershed, focusing mainly in changes in evapotranspiration

and soil moisture. The overall performance of the model was verified comparing

simulated versus observed streamflow data, showing a reasonably close agreement with

the observation. However, to take advantage of the distributed model, a multi-parameter

calibration was done comparing simulated and observed evapotranspiration and soil

moisture for one of the top cells of the catchment. The only problem was the shortness of

the records, which did not allow for validation.

In this case, it is important to calibrate the model for the evapotranspiration and soil

moisture response in the coniferous area, because the coniferous vegetation was more

severely burned. An assessment of the calibrated parameter set with respect to soil

moisture and evaporation increases the reliability of the reference scenario results for

processes other than streamflow.
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Figure 15 shows the exceedance probability of simulated and observation hourly

evapotranspiration for a coniferous vegetated site from September 2002 to June 2003.

Looking at the overall water balance (Table 6), the model is underpredicting the

evapotranspiration during this period. The underestimation is mainly concentrated at the

peaks, which are not captured (Figure 15). In addition, the low evaporation values are

slightly underestimated too. Overall, even though the Nash and Sutcliffe coefficient does

not indicate a very good fit between simulated and observed evapotranspiration, the flow

duration curve index does (Table 6) fall inside of the threshold for El index marked in

Section 3.3 (between 0.8 and 1.2).

Figure 15 Evapostranspiration duration curve for the available data before the fire, from

September 2002 to June 2003 (calibration period).
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A few months of soil moisture measurements from the SAHRA micrometeorological

tower were also available and thus used for calibration. The soil moisture values were

measured using TDR placed vertically from the surface, giving an average soil moisture

over the first 25 cm of the soil. In this case, the overall water balance for the soil moisture

was 0.99 (Table 6) meaning that the model predicted the same amount of soil moisture as

was measured during the calibration period. However, a visual comparison of the

exceedence probabilities (Figure 16), shows that the calibrated model overestimates the

middle-high soil moistures and underestimates the middle-low soil moistures. The model

soil drains much faster than the observed. Defining a soil with higher clay content

(changing the soil-moisture retention curve) would reduce the rate at which the soil is

drying. However, this has not been done for the present study.
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Figure 16 Soil moisture exceedence probability curve for the calibration period.
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4.2 Scenarios

To study the consequences of fire in watershed hydrology, four different scenarios were

run and compared with the calibrated reference simulation. Table 7 summarizes the

scenarios.

Table 7 Summary of the scenarios

Scenarios Description

Reference Simulation Unburned Situation

Scenario 1 Observations after the fire

Scenario 2 Vegetation burned

Scenario 3 Hydrophobic soils

Scenario 4 Burned vegetation + Hydrophobic soils

Table 8 shows the mean annual fluxes of precipitation, evapotranspiration and

streamflow, averaged from September 1996 to September 2004, for each scenario other

than Scenario 1. For Scenario 2, evaporation decreases by about 9 % from the reference

scenario, as is expected because of the loss of vegetation. The decrease in evaporation

translates in an increase (more than 22 %) of streamflow compared to the reference

situation. Conversely, Scenario 3, which accounts for the presence of a hydrophobic

layer, does not have any major impact on the evaporation or streamflow, with only an
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increase of 2% in the streamflow. The combined scenario (Scenario 4) shows a reduction

of evaporation that is converted into a 24% increase of streamflow in the basin.

Table 8 Mean annual fluxes for each scenario

Scenarios
Precipitation

(mm)

Evaporation

(mm)

Streamflow

(mm)

Change

Storage (mm)

Reference

549.2

403.3 149.7 -3.8

Scenario 2 369.8 182.9 -3.5

Scenario 3 401.2 152.3 -4.3

Scenario 4 367.7 185.6 -4.1

Figures 17-19 show mean daily values of total evaporation, soil evaporation, soil

moisture, and infiltration, respectively, for the reference scenario and scenarios 2, 3 and

4. Figure 16 shows the mean daily evaporation for the watershed, which ranges from 0.66

mm/day at the lower elevations, up to 1.55 mm/day. The reference evaporation increases

with altitude because of the presence of denser vegetation and higher precipitation at

higher elevations. The mean daily evaporation is reduced when the vegetation is burned

(Figure 17b). The presence of a hydrophobic layer alone (Scenario 3) does not affect the

evaporation of the watershed. The combined scenario (Figure 17d) shows similar patterns

the scenario 2.
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Reference
	

Scenario 2

Scenario 3
	

Scenario 4
Figure 17 Mean evapotranspiration in mm/day for a) reference situation, b) burned

vegetation scenario, c) hydrophobicity scenario, and d) combined scenario.

Soil evaporation, on the other hand, shows a much larger variation than the total

evapotranspiration. The mean daily soil evaporation for the reference simulation ranges

from 0.25 mm/day to 0.7 mm/day (Figure 18a). Burning the vegetation increases the

mean daily soil evaporation up to values of 1.3 mm/day (Figure 18b). This increase was
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expected, based on Equations 13 and 14, due to the excess of water available at the soil

surface because of the decrease in water interception and transpiration. The presence of a

hydrophobic layer at the soil surface does not affect the mean soil evaporation, so the

combined situation shows the same patterns as scenario 2.

Scenario 3 Scenario 4

Figure 18 Mean soil evaporation in mmiday for a) reference situation, b) burned

vegetation, c) hydrophobic scenario, and d) combined scenario.
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The mean water content in the unsaturated zone is related to the evaporation, the change

in vegetation and ultimately to changes in the soil properties.

Reference
	 0.32	

Scenario 2

Scenario 4
Figure 19 Mean volumetric water content in the unsaturated zone for the reference

situation (a), burned vegetation (b), hydrophobic scenario (c), and combined scenario (d).

The most relevant point in Figure 19 is the increase in water content in the high burn

severity zones due to the lack of vegetation to transpirate the excess of soil water (Figure
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19b). The presence of a hydrophobic layer (Figure 19c) decreases the volumetric water

content in the unsaturated zone for the high elevations (where the fire was more active).

However, in the lower elevations there is a small increase in the water content (Figure

19c). In the combined scenario, there is a general decrease in water content at high

elevations and an increase at lower elevations where the fire had less impact.

Figure 20 shows the infiltration of overland flow into the unsaturated zone. The

infiltration is mainly conditioned by the amount of precipitation, which increases with

elevation. However, for the second scenario (Figure 20b), the infiltration increases in the

entire catchment. The presence of a hydrophobic layer in the soil surface slightly

decreases the infiltration rate, as expected. However, this reduction does not seem to be

specific for the burned regions (Figure 20c). In the discussion section, comparison plots

will be presented to further clarify this issue.
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Reference
	 Scenario 2

Alt Alt
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Figure 20 Mean daily infiltration for the reference situation (a), scenario 2 (b), 3 (c) and 4

(d).
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5 DISCUSSION

Manual calibration of a distributed model is a very challenging task. The most frequent

problems found during the calibration stem from the uncertainty in the input forcing data

(precipitation, temperature and ET). Uncertainty in the input data is translated in

uncertainty in the simulations and is discussed in Section 5.1. Section 5.2 further

discusses the scenarios.

5.1 Uncertainty in the precipitation

Possible data input errors were discussed in Section 3.2.2. These included data errors due

to the upscaling of point precipitation to an entire zone, location of the rain gauges (two

of them are located outside of the watershed), filling missing values with larger time step

records, and measurement problems for snow precipitation. Being aware of the

uncertainty of the input precipitation is important before presenting the model discussion

and conclusions.
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To study the uncertainty in the input precipitation, the depth of precipitation of individual

storms was compared to the observed streamflow peaks. A storm (also called an event)

was defined by a period of consecutive hours of precipitation exceeding a total depth of

10 mm, and with at the most one hour of non-precipitation. For each event, Figure 21

shows the maximum 1-hr precipitation intensity in the reconstructed time series versus

the observed streamflow peak associated with the event. The precipitation values are

averaged over the six elevation zones (weighted by area).
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Figure 21 Maximum 1-hr precipitation versus the intensity of the stream peak flow. Each

dot represents an event. Grey dots indicate events before the occurrence of the fire and

the back dots indicate events after the fire.
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Figure 21 shows a number of intense precipitation events before the fire (grey dots) with

which no streamflow is associated, indicating a possible error in the input precipitation

data. This error could be due to the fact that some gauges were located outside the study

area. Because the convective summer storms are often very local, an event could have

occurred outside the watershed only. Also, the method used to lapse precipitation and fill

in missing data might be a problem for individual storms. Even though there are fewer

events, the precipitation record after the fire (black dots) seems to be more reliable.

5.2 Scenarios Discussion

Before and after the fire

As a first approximation of the hydrologie effects of changes in vegetation and

hydrophobicity, Figure 22 compares the three efficiency coefficients (the performance

criteria) for the period from June 2000 to June 2003 and the period after the fire. The

period from June 2000 to June 2003 was chosen because the precipitation was similar to
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that after the fire. Coincidentally, the period from June 2000 to June 2003 also coincides

with the calibration period.

Before Fire	 After Fire
1

Before Fire After Fire

4—

I	 I Reference

I	 I Vegetation Burned

Hydrophobic

Vegetation + Hydrophobic

4—

Figure 22 Model performance for the different scenarios before and after the fire. WB

stands for water balance and shows the ratio of total volume of simulated versus observed

streamflow. R2 is the Nash and Sutcliffe coefficient, and El the flow duration curve

index. The arrow indicates the most efficient value for each index.

The reference scenario was calibrated for the period before the fire, so the efficiency

index for the overall water balance (WB) shows a value very close to 1 (the most efficient

value). The Nash and Sutcliffe coefficient (R2) and the flow duration curve index (ET) do

not show such a good agreement as the WB, however, their value is still within the limits

placed on the efficiency criteria for the calibration. When the vegetation is burned

(Scenario 2), the overall water balance for the calibration period overestimates
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streamflow (WB > 1), due to the lack of vegetation to evaporate the excess precipitation.

Reducing the saturated hydraulic conductivity in the top 10 cm of the burned region

(Scenario 3) does not appear to affect the overall water balance in the watershed (Figure

23 top).

The comparison of the water balance before and after the fire for the different scenarios

(Figure 22) points out the importance of the loss in vegetation in reproducing the water

balance after the fire. Furthermore, it is important to mention that the change of the

vegetation introduced in Scenario 2 does not fully explain the change in water balance

before and after the fire, which implies that other processes affect the overall water

balance. Regarding R2, better performance is found in the scenarios after the fire (R2

closer to 1). It is uncertain why the reference situation captures the peaks better after the

fire than before the fire. However, this effect suggests that changes in vegetation and soil

hydrophobicity tend to modify peak response of the streamflow, similarly to the effects

observed in streamflow after the fire.

The BI coefficient follows the same trend as the water balance before and after the fire.

Before the fire, the simulations overpredict the observations and after the fire

underpredict them. However, the burned vegetation scenario underpredicts the
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observations after the fire by the least amount. This points out the changes in vegetation

as one of the most important factors controlling the hydrological behavior after the fire.

Relative effects of burned vegetation vs. hydrophobicity in stream flow response

Figure 23 shows the histogram of the hourly streamflows simulated for the different

scenarios. The first column (Figure 23) shows the number of hours without flow, which

decreases in scenario 2, meaning an increase in streamflow volume.

NO rm
6000 Flow	

MEDIUM HIGH EXTREME

5000

Plus 53,000
more hours

Reference Situation: Unburned
Vegetation Burned
Hydrophobic
Combined Scenario
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1000

[11 [III arm 
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Hourly Flow (i1-1 3 /s)

Figure 23 Hourly flow histogram for the reference scenario (unburned), the burned

vegetation scenario (Scenario 2), the hydrophobic soil scenario (Scenario 3) and the

combined scenario.
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The second column shows the number of hourly flows smaller than 0.1 m3/s (LOW

flows). Burning the vegetation decreases the number of hourly low flows. The MEDIUM

flows include flows ranging from 0.1 m 3/s to 12 m3/s. This flow bracket shows an

opposite trend. The number of MEDIUM flows increases for scenarios 2 and 4, as a

result of the loss of vegetation in the watershed. This trend in the findings of Bowling et

al. (2000), who noticed a similar increase in medium flows in response to logging in

western Washington. A HIGH flow group was defined for flows bigger than 12 m 3/s up

to 90 m3/s. A similar number of hourly flows were found for the different scenarios for

this range of flows. However, flows higher than 90 m 3/s only occurred under the presence

of a hydrophobic layer (Hydrophobic and Combined scenarios), and were classified as

EXTREME flow events.

Figure 24 shows the relative increase in the number of hourly events for each scenario

compared to the reference scenario. The dotted lines show the same thresholds as in

Figure 23 for no-flow, low, medium, high and extreme flows. Figure 24 shows more

clearly the different trends observed for the different flow groups. Vegetation seems to

have the greatest impact in watershed behavior for almost the entire range of flows,
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except for the extreme flow events which are highly conditioned by the presence of a

hydrophobic layer.

100 	

Hourly Flow (m 3 /s)

Figure 24 Change in the number of hourly flow events for different scenarios (burned

vegetation, hydrophobicity and both) compared to the reference scenario.

Figure 25 and Table 9 summarize these findings for the different flow ranges defined

according to Figure 23 and 24.

Table 9 Summary of the processes that affect streamflow.

Flows (m 3/s) Main Consequence Driving Process

Low flows <0.10 Decrease streamflow Vegetation loss

Medium flows 0.10 - 12 Increase streamflow Vegetation loss

High flows > 12 Increase streamflow Vegetation and Soil

Extremes > 90 Increase streamflow Soil hydrophobicity
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The isolated effect of vegetation loss reduces low flows by 10% (Figure 25). The

presence of a hydrophobic layer also contributes to decrease the low flows, but by only

2%. However, the loss in vegetation increases the volume of mid flows by around 30%,

with almost no contribution from the presence of hydrophobicity. The effect of

hydrophobicity increases with increasing flows, with a 2% increase in the number of

hourly high flows due to the presence of a hydrophobic layer. However, it is still smaller

than the effect due to the loss in vegetation (11%) for high flows. Hydrophobicity has a

major impact on the extreme events (Figure 25).

....,...,

30
cu
f7-

40

50

I	 I
I
,

I
LOW

	  IMEDIUM
HIGH
EXTREME	 1

i	 1 	

-

--10

-20
Vegetation Burned Combined ScenarioHydrophobic

Figure 25 Percentage change for each scenario respect the reference simulation.
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Figure 26 convert the percentages of Figure 25 to increase/decrease in the annual volume

of water. Figure 26 shows the average annual increase in mm over the watershed respect

the reference simulation. This could help to predict and quantify possible damages due to

the changes in discharge after a fire.
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Figure 26 Average increase in annual streamflow volume for the different scenarios

compared to the reference scenario for the different groups of flows.

Increases in streamflow volume are largely dominated by the loss of vegetation for the

mid range flows. However, as the streamflow increases, hydrophobicity plays an

increasingly important role in this increase.
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To identify the origin of the water that contributes to the increase, Figures 27-29 trace the

three different groups of flows with different colors for the different scenarios, and plot

them against the streamflow for the reference situation in a scatter plot. The figures show

that while the vegetation change perturbs the streamflow values around the 1/1 diagonal

compared to the reference situation, the change in hydrophobicity leaves most of the

flows unaltered, with all points narrowly centered in the diagonal.
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Figure 27 Hourly streamflow from reference simulation versus scenario 2. The grey dots

and the dark grey hollow dots show the low and high flows respectively.
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The change in vegetation (Figure 27) increases flows with respect to the reference

situation, with mainly all the dots above the diagonal.
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Figure 28 Hourly streamflow from reference simulation versus scenario 3. The grey dots

shows the low flow events for the Hydrophobic Scenario; the grey dark hollow dots, and

the black ones show the high and extreme hourly flows for the Hydrophobic Scenario.

In contrast, the hydrophobic scenario leaves most of the flows unaltered (most of the

points concentrated narrower in the diagonal). Only few of the flows were reduced,

mainly for the low flows (dots below the diagonal Figure 27); however, the most visible
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effect of the presence of the hydrophobicity is the important increase in the magnitude of

some events. For example, a streamflow of 40 m3/s in the reference simulation was

increased up to 90 m3/s when hydrophobicity was considered (hydrophobic soil scenario).
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Figure 29 Hourly streamflow from reference simulation versus scenario 4. The light full

grey dots shows the low flow events for the Combined Scenario; the grey dark hollow

dots, and the black ones show the high and extreme hourly flows for the Combined

Scenario.
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The number of hourly extreme flows depends on the presence of hydrophobicity in the

watershed (Figures 24 to 29). The effective hydraulic conductivity used for the

hydrophobic zones was two orders of magnitude smaller than the calibrated effective

hydraulic conductivity. The calibrated hydraulic conductivities were 0.003 and 0.09 m/s

for the sandy and the silt loam respectively. The saturated hydraulic conductivity used for

the hydrophobic layer were 3x10 -5 and 9x10 -4 mis for the sandy and silt soil, respectively.

However, it is important to mention that the calibrated values were high for the type of

soil that according to STATSGO (USDA-SCS, 1994). To see the sensitivity of the

magnitude of the effective hydraulic conductivity on the number of hourly extreme flows,

a range of hydraulic conductivities were simulated (Figure 30).

Figure 30 shows the important increase in the number of hours of extreme flow when

decreasing the magnitude of the effective hydraulic conductivity in the burned region.

The number of extreme flow events is constant when the saturated hydraulic conductivity

of the soil is very low or impermeable, but increases rapidly for hydraulic conductivities

below a certain threshold value.
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Figure 30 Number of hourly extreme flow events for different hydraulic conductivities of

the hydrophobic layer. The hydraulic conductivity used is an average of the two different

hydraulic conductivities used in the fire affected zone.

It is difficult to quantify the reduction of saturated hydraulic conductivity of the soil after

the fire, because the degree of hydrophobicity depends on water content (Doerr et al.,

2003). Above a certain threshold of volumetric water content, a soil will become wettable

again.
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Relative effect of Burned Veketation vs. Hydrophobicity in evaporation and soil

moisture

Up to this point, it has been shown that vegetation has a very important impact on

streamflow by increasing the number of intermediate flow events and reducing the

number of hourly low flows. Soil hydrophobicity primarily affects the extreme events.

This section will focus on a comparison of distributed processes in the watershed such as

overland flow, evapotranspiration, soil evaporation, water content, and infiltration into

the unsaturated zone. It is important to remember that only evapotranspiration and soil

moisture were calibrated for the coniferous regions only. The rest of the variables were

neither calibrated, nor validated.

Figure 17 showed the mean daily evapotranspiration predicted for each scenario and for

the reference situation. Figure 31 shows the relative change in mean daily

evapotranspiration for scenarios 2, 3 and 4. Reduction of vegetation decreases the daily

evapotranspiration rate by 34 % for almost all of the fire affected regions. A small

increase of evapotranspiration is found in the unburned areas. The presence of the
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hydrophobic layer does not change significantly the evapotranspiration in the watershed

(less than 5% decrease for the top zones and less than 10% increase for the low zones).

Scenario 3Scenario 2

Scenario 4 Scenario 4

Figure 31 Changes in evapotranspiration compared to the reference simulation. a)

vegetation burned scenario, h) presence of a hydrophobic layer, and c-d) burned

vegetation with the presence of a hydrophobic layer. The outline in c) shows the high

bum severity areas and the outline in d) shows the total extent of the fire.
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Figure 32 Change in soil evaporation compared to the reference simulation. a) vegetation

burned scenario, b) presence of a hydrophobic layer, and c-d) burned vegetation with the

presence of a hydrophobic layer. The outline in c) shows the high burn severity areas and

the outline in d) shows the total extent of the fire.

Almost the entire basin shows an increase of the volumetric water content due to the loss

of vegetation (Figure 33). The increase is more important (up to 10%) in high burn

severity regions (Figure 33a). Scenario 3 (Figure 33h) shows a decrease in the volumetric
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water content for the top zone of the watershed (sandy loam 3, Figure 4). The rest of the

basin increases the volumetric water content in the unsaturated zone. The combined

simulation (Figure 33c-d) shows the largest decrease in water content (< 10%) outside of

the burned region. The sandy loam 3 region also shows a decrease in its water content of

5-10%, while the remainder of the basin shows an increase.

Scenario 3

Scenario 4
	

Scenario 4

33 Change in volumetric water content in the UZ compared to the reference

simulation. a) vegetation burned scenario, b) presence of a hydrophobic layer, and c-d)

burned vegetation with the presence of a hydrophobic layer The outline in c) shows the

high burn severity areas and the outline in d) shows the total extent of the fire.

Figure
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Figure 34 shows the percentage increase in the mean infiltration value for scenarios 2, 3,

and 4 compared to the reference situation.

Scenario 4

Figure 34 Change in mean daily infiltration compared to the reference simulation. a)

vegetation burned scenario, h) presence of a hydrophobic layer, and c-d) burned

vegetation with the presence of a hydrophobic layer. The outline in c) shows the high

bum severity areas and the outline in d) shows the total extent of the fire.
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Figure 34a compares scenario 2 to the reference simulation, and shows that the maximum

increase in the mean infiltration occurs mainly at the highest elevations (5%). At the

lowest elevations, in the zones where no fire has occurred, the mean infiltration decreased

slightly (-1.5%). A comparison of Figure 34a shows that changes in infiltration seem to

be mainly conditioned by the vegetation type rather than the burned areas. Figure 34b

compares the presence of a hydrophobic layer to the reference scenario. In this case, a

small decrease of infiltration (-2.5%) is found in most of the watershed. The overall

infiltration trend is dominated by the soil characteristics as can be seen by comparing

Figure 34b with Figure 4b. An increase in infiltration is found at the contact zones

between different soil types.

Combining both situations (Figure 35c-d), that is, burned vegetation with hydrophobic

soil, a general increase of infiltration happens in most of the watershed (5%). Only

localized points show a decrease in the mean daily infiltration rate compared to the

reference situation. These local points are mainly located in unburned areas, but the

decrease is very small (-0.2%).
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Doerr et al. (2003) concluded that hydrophobicity has an important impact on

hydrological processes at a point and plot scale, but they could not find any clear

relationship at the catchment scale. Figure 32b shows a general decrease in infiltration

due to the presence of hydrophobicity. However, the hydrophobic layer effect declines

when the loss of vegetation is added. This could be one of the reasons why Doerr et al.

(2003) could not find any distinctive relationship at the catchment scale, because the

vegetation influence dominates over the presence of hydrophobicity. Furthermore, in the

present study we increased the effect of the hydrophobic layer by assuming a continuous

layer over the extension of the fire, when in reality, the hydrophobic layer is usually not

continuous in space, nor in time (Doer et al., 2003).
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6 CONCLUSIONS

Before listing the findings of the present study, it is important to note the uncertainty of

the meteorological data used in this study. To reduce the effect of this uncertainty, the

study focused on a comparison of model scenarios to answer the research questions listed

in Section 1.

Regarding the partitioning of precipitation into infiltration and surface runoff, the

findings can be summarized as follows:

• Although an increase in overland flow is observed after the fire, the total volume

that this overland flow represents is small.

• The scenario analysis shows a slight increase (5%) in infiltration after the fire,

because less precipitation is intercepted by the forest canopy and less water is

evaporated, raising the moisture content of the soil.

It must be noted that there was a lack of observations of overland flow with which to

compare model simulations. Consequently, it is difficult to assess the significance of
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these findings. Better observations of overland flow would help in further

constraining the model simulations.

Regarding the relative importance of the loss in vegetation and the presence of a

hydrophobic layer in controlling the streamflow response after the fire, the findings

can be summarized as follow:

• The effects of fire on streamflow are mainly due to the reduction of the

vegetation, rather than the presence of soil hydrophobicity.

• The loss in vegetation is responsible for a decrease in the number of low flow

events (< 0.10 m3/s), and an increase in the mid (0.10 — 12 m3/s) and (12 — 90

m3/s) high streamflow events.

• The presence of a hydrophobic layer slightly affects the mid flows and high flows,

but significantly increases the number of extreme flow events.

• The importance of the hydrophobic layer increases when increasing the degree of

hydrophobicity.
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Additionally, the following points summarize the distributed effects of fire on watershed

hydrology:

• The reduction in evaporation, due to the loss in vegetation, increases the

volumetric water content in the watershed, minimizing the impact of the

hydrophobic layer by increasing the infiltration rate. Consequently, a small

increase (5%) in infiltration is found after the fire.

• Overland flow is exclusively due to the presence of the hydrophobic layer. The

increase in overland flow after the fire is more important in the high burn severity

zones. However, as mentioned before, the volume of overland flow is negligible

compared to the volume of water that infiltrates, which may be a shortcoming of

the model setup.
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