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AN ATTEMPT AT WATER YIELD MODELING IN 
THE CENTENNIAL FOREST IN NORTHERN ARIZONA

Ian Dai and Aregai Tecle1

INTRODUCTION
This paper outlines the efforts made so far in the use 

of a paired watershed experiment to model water yield 
and peak flow from a ponderosa pine forest ecosystem. 
The study site is the Northern Arizona University operated 
Centennial Forest located some six miles away to the west 
of Flagstaff, Arizona.  The long-term and broad objective 
of the study is to evaluate the impacts of prescribed fire or 
fire prevention vegetation treatments on forest hydrology. 
The two specific parameters used to indicate the 
hydrological outcome of the effects of prescribed fire or 
fire-prevention vegetation treatment in the study are water 
yield and peak flow.  The design of the study consists of 
establishing a paired small and adjacent experimental 
watersheds in which one of them will be treated while the 
other remains untreated as a control. So far both watersheds 
are being monitored to determine their similarities under 
no treatment conditions.  Eventually one of them will be 
treated while the other left untreated.  Upon completion 
of the experiment, our plan is to (1) determine the effects 
of vegetation treatments on soil moisture storage and 
infiltration capacity, (2) develop event-based peak flow 
and water yield models that incorporate study site climate, 
soil, and vegetation characteristics, and (3) evaluate model 
reliability by comparing model-based watershed outflows 
with flows actually measured at the outlets of the study 
watersheds. 

The ultimate purpose of this study is to develop 
improved forest watershed management schemes that 
minimize forest fires at a time of recurring drought and 
continuing climate change.  Because there have not 
been any treatments on either of the study watersheds, 
the analysis and discussion in this paper are based only 
on initial pretreatment watershed data.  In addition, we 
used a hypothetical vegetation treatment of one of the 
watersheds to a specific vegetation density level to see 
the hydrological impacts of the treatment.  In general, 
the research project is designed (1) to demonstrate the 
applicability of the model to determine the needed water 
yield and peak flow, and (2) to show the capability of 
the model to evaluate watersheds under both treated and 
untreated conditions so that the effects of treatment can be 
readily compared and evaluated.  The model application 
on data from the untreated and the hypothetically selected 
vegetation treatment level shows about 25% increase in 
water yield during the three years (2010, 2011 and 2012) 
the watersheds have been monitored.

STUDY SITE
The study watersheds are a pair of small watersheds 

located adjacent to each other in the Centennial Forest. 
The latter are a group of state-owned forested landscapes 
located about six miles southwest of Flagstaff, Arizona 
(see Figure 1).  The Centennial Forest, which have a total 
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Figure 1.  Location of the Centennial Forest in Northern Arizona. �e two paired study watersheds   wit areas  of 0.16 mi2 and 0.04 mi2 are in the 
upper left corner of the �gure(Centennial Forest, 2002)
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area of about 47,000 acres are managed by Northern 
Arizona University. The surrounding area consists of 
the Coconino National Forest and some patches of small 
private lands. The topography is characterized by small 
hills and valleys with some meadows in between. The 
bulk of the soil material in the Centennial Forest (96.1%) 
is composed of loamy basalts or other loamy deposits of 
volcanic origin while the remaining small part (4%) of 
the soil is composed of limestone materials (Centennial 
Forest, 2002).  

The dominant vegetation cover type (78%) is a forest, 
mainly Ponderosa Pine (Pinus ponderosa) type with 
some Gambels Oak (Quercus gambelli) thinly spread in 
between. The Ponderosa Pine stand consists of small to 
mid-diameter trees (5-18”) with average canopy cover of 
greater than 45% (Centennial Forest, 2002). This cover 
density which varies from place to place throughout 
the area is generally considered to be higher than that 
of pre-settlement conditions (Centennial Forest, 2002). 
Other tree species found in very small number in the area 
include Quaking Aspen (Populus tremuloides), Alligator 
Juniper (Juniperus deppeana), Shrub Live Oak (Quercus 
turbinella) and a negligible number (0.1% of total cover) 
of Douglas Fir (Psuedotsuga menziesii).  In between the 
ponderosa pine stands, there are some interspersed grassy 
meadows of varying sizes in the Centennial Forest. The 
most common understory grass species consist of Arizona 
Fescue (Festuca arizonica), Muhly type grass species 
(Muhlenbergia spp.), Pine Dropseed (Blepharonueron 
tricholepsis), and Blue Grama (Bouteloua gracilis).

DATA COLLECTION  
We have used a number of research activities to collect 

relevant data to the paired study watersheds.  Most of the 
activities require on-site field measurements following 
a systematic sampling approach while others involve 
obtaining the needed data from nearby sophisticated 
instrumentation facilities.  The former are biophysical 
data types such as vegetation cover, soil infiltration 
capacity, soil moisture content, other soil characteristics 
and stream flow, while the latter are mostly climate 
and hydrological data such as daily precipitation, 
temperature and snow water equivalents obtained from 
a nearby USDA Natural Resources Conservation Service 
operated SNOTEL and daily evapotranspiration data 
from three Northern Arizona School of Forestry operated 
flux towers in the area.  Most of the pieces of information 
so gathered are used as inputs into a HEC-HMS model to 
estimate the needed water yield and peak flow. 

The different data collection methods used to assemble 
the necessary pieces of information are described 

separately under climate, soil and land cover and 
hydrological data collection topics below. Establishing 
baseline information on soil, vegetation, climate, and 
stream-flow characteristics is necessary for contrasting 
paired watershed experiments.  In order to assess the 
state of pretreatment conditions we have begun to collect 
data for climatic, stream-flow, land cover, and soil based 
parameters which are the inputs into the HEC-HMS 
model to estimate peak-flow and water yield.

Collection Of Climate Data 
The most important climate data we would need to 

have in any hydrological modeling effort are precipitation, 
temperature, atmospheric humidity, wind speed, cloud 
cover and solar radiation.  We installed a Davis Weather 
Station at the point where the paired watersheds meet 
to measure a number of the above climate parameters. 
However, a string of strong tornados that devastated the 
area in October of 2010 damaged the climate instruments 
we installed. We then decided to obtain the necessary 
data for our work from a couple of nearby facilities.  
One of them is a USDA Natural Resource Conservation 
Service operated ‘Fry’ SNOTEL station located about a 
mile away from the watersheds.  The SNOTEL station 
collects hourly precipitation; temperature, snow depth, 
and snow water equivalent data and are available for our 
use. 

Our other sources of data are the three eddy flux 
towers operated by Professor Kolb of the School of 
Forestry’s research group. Two of the flux towers are 
located within the Centennial Forest and very close to 
the paired study watersheds while the third is also in the 
forest but relatively away from the Centennial Forest 
(Dore et al, 2010).  All three facilities collected various 
climate data, soil moisture, evapotranspiration and others 
under varying ponderosa pine stand density and other 
conditions such as forest thinning, or forest fire burn. 
We specifically obtained precipitation, temperature and 
evapotranspiration (ET) data from such archives for use 
in our modeling process. However, we had to convert the 
monthly ET data into daily loss rates when estimating 
the water yield and peak-flow from the study watersheds.

Measurement Of Soils And Land Cover 
CharacteristicS

Apart from precipitation, soil and vegetation cover 
characteristics are the most important factors that 
affect the hydrology of a watershed.  For this reason 
it is important that we continue to make all efforts to 
determine the soil and vegetation characteristics of the 
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paired study watersheds.  This requires establishing 
sampling plots to obtain data that can adequately 
and reliably represent conditions in the study sites.  
For these purposes, we have been measuring the 
infiltration capacity, soil moisture content, and both 
understory and over story vegetation cover in the 
paired watersheds for the last two years.  

One important factor that affects the amount 
of water yield and/or peak flow from precipitation 
is soil infiltration capacity.  The higher the soil 
infiltration capacity the smaller the amount of runoff 
produced from a particular amount of precipitation. 
Infiltration capacity in turn is influenced by soil 
physical characteristics such as texture, structure and 
composition, soil moisture content and soil vegetation 
cover.  These are the reasons for our measurements of 
these characteristics.  In addition to soil characteristics, 
understory vegetation composition and density 
are important determinants on the distribution of 
precipitation on a watershed (Simonin et al, 2007). 
The type composition and density of understory 
vegetation can strongly influence the partitioning of 
precipitation between infiltration, evaporation and 
surface runoff. Since both soil and vegetation cover 
may change with time, it is important that we establish 
adequate sampling plots and reliable methods for 
continuous measurement of the soil and vegetation 
cover characteristics in the paired study watersheds.

Understory vegetation composition has been 
measured using the methodology outlined in Barry’s 
book, Monitoring Vegetation Cover (Barry, 1999).  
Accordingly, we established sampling plots using 
50 meter transect lines that ran perpendicular to the 
watershed slope at a number of arbitrarily selected 
waypoints.  One square meter reference frames (or 
microplots) were established at three meters intervals 
along each transect. These reference frames served 
as the sampling plots for estimating the amount and 
composition of vegetation cover.  Percent cover was 
estimated visually for various specific ground cover 
conditions and types such as bare soil, gravel, rock, 
moss, which are grouped as total bare ground, and 
litter, non-woody vegetation and woody vegetation 
cover that are grouped as total ground covered. 
Altogether, there were nine transects established for 
sampling and measurement purposes during the 2011 
summer field season. The data points measured along 
each transect were tallied and averaged to produce 
the average understory composition for each cover 
type.  The ground cover of the paired watersheds, 

which are considered ponderosa pine forested areas, 
have on the average 70.6% litter cover which consists 
of fallen pine needles, cones, twigs and branches. 
The remaining part of the ground cover consists of 
11.67% bare ground, 11.42% non woody vegetation, 
a small part of rock fragments (<4%) and non woody 
vegetation.  

In addition to understory vegetation, canopy cover 
was estimated along each transect using a methodology 
outlined in Elzinga et al. (1998). We used the same 
50 meter transect plots established for estimating 
understory vegetation to estimate the amount of canopy 
cover over the study watersheds. The initial percent 
canopy cover so determined along each transect was 
estimated to be 50.7%. This estimate is validated by 
two other sources that report nearly similar canopy 
cover composition. The United States Geological 
Survey’s National Land Cover Database provides an 
estimated canopy cover of approximately 42% for the 
study watersheds (Homer et al, 2004).  Similarly, the 
United States Forest Service Terrestrial Ecosystem 
Unit map for the watersheds shows an estimated 
canopy cover of 41.66% that is mostly dominated by 
Ponderosa Pine type forest (USDA, 1995).  In general, 
the determined percent canopy cover composition was 
used to produce a preliminary estimate of the canopy 
interception values for the watersheds.

 Watershed Hydrological Data Gathering
Our ultimate purpose in the project is to study the 

hydrological impacts of prescribed fire or fire prevention 
vegetation treatments on the hydrology of forested 
watersheds in general, and the particular paired study 
watersheds in the Centennial forest in particular.  For this 
reason, it is important that we measure the hydrological 
attributes of the watersheds as much as possible. The 
hydrological variables measured are stream-flow, 
infiltration capacity, and soil moisture content.  Currently 
there are two gages measuring stream flow: one on each 
of the paired study watersheds. Both gauges consist of 
downward looking radar for sensing flow in the channel 
below. However, the technology has not been successfully 
used in the very ephemeral streams being gaged. A 
simpler gage was constructed in one of the watersheds 
in the fall of 2011 to obtain a clearer stream-stage signal 
from the downward looking radar; yet, to date the 
reliability of the weir has not been ascertained.  In spite 
of the situation, we do continue to fine tune the gages 
to produce reliable stream-flow measurements, while at 
the same time we continue to do more measurements on 
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soil infiltration capacity and soil moisture contents in the 
study watersheds.

The first infiltration capacity measurements 
were done in the summer of 2011. Since then many 
additional measurements have been done using a 
double ring infiltrometer to determine the maximum, 
average and constant infiltration rates throughout the 
study watersheds. On the basis of the measurements, 
the average saturated conductivity rate for the paired 
watersheds is determined to be 0.6 inches/hour.  This 
value is well within the established range of rates for 
loamy soils, which is between 0.11 to 0.8 inch/hour 
(Rawls et al 1998). 

In the second field season of 2012, we arranged 
nine additional infiltration waypoints that were also 
used as sites for time domain reflectometry (TDR) 
use to measure soil moisture content. The TDR works 
by sending electrical impulses down a probe driven 
into soils; and depending on the amount of soil water 
content, there is a difference in the impedance of 
returning impulses. In this way, the TDR measurements 
provide soil moisture estimates before and after the 
wet seasons in the area. Such estimates are useful for 
assessing the reliability of the developed model to 
estimate the distribution of precipitation water on the 
surface and below the ground.

WATERSHED HYDROLOGICAL MODELING
The main purpose of the project leading to this 

paper is to develop a model for estimating water 
yield and peak-flow from the study watersheds.  The 
Hydrological Engineering Center’s Hydrological 
Modeling System (HEC-HMS) model is used to do 
the job in this study. Through careful selection of sub-
routines that track the partition of precipitation on 
the surface and below the ground into infiltration and 
percolation, surface runoff and evapotranspiration in 
the study watersheds, we are able to determine water 
yield and peak flow amounts from both untreated 
and hypothetically treated versions of the study 
watersheds.  

In order to model water yield on a continuous basis, 
we have used the soil moisture accounting (SMA) 
method for estimating runoff-volume. The SMA 
method is an empirically fitted modeling approach 
that can use lumped or distributed parameters to 
estimate water yield during both wet (rain/snow) 
and dry conditions.  The SMA model partitions 
precipitation into a series of surface and subsurface 
storage layers that represent processes such as canopy 
interception, surface depression storage, soil storage, 
and groundwater storage and flow (Figure 2). The 
partitioning or distribution of precipitation among 

Figure 2. Schematic representation of a SMA Model (Bennett, 1998)
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these storage layers is represented by an array of 
flow equations that stand for infiltration, percolation, 
surface runoff, evapo-transpiration, and groundwater 
flow (Bennett, 1998).

In the model, both flow and storage parameters 
must be explicitly defined by the user. In the present 
modeling effort, the inputs used were obtained 
using field measurement, from archival sources and 
relevant literature.  Canopy interception estimates 
were based on weighted average of canopy storage 
capacity values for ponderosa pine, grassland, litter, 
and other relevant cover types. The composition of 
these cover units was obtained from the values for 
understory and over-story cover determined using a 
transect sampling method described previously in this 
paper. The average vegetation composition consisted 
of 45% Canopy and 55% understory.  The understory 
cover material consists of predominately litter (61%) 
and the rest divided between bare soil (11.53%), rock 
fragments (11.63%), non-woody vegetation (11.4%), 
and woody plants (4.27%). Using a weighting scheme 
derived from the proportional composition of these 
components we determined a weighted average 
surface interception capacity value of 0.09 inches of 
water for the study watersheds.

Surface depression storage is that part of 
precipitation retained to fill depressions before any 
surface flow occurs.  Such storage values are obtained 
from the Arizona Department of Water Resources 
State Standards for Hydrology of mountainous areas 
with vegetated surfaces. Accordingly, the estimated 
storage capacity value for the study site is 0.15 
inches (ADWR, 2007).  Interception and depression 
storages constitute the above ground partition layers 
of precipitation most or all of which may be lost due 
to evapotranspiration. 

 Other group layers of storages are subsurface 
ones. The first layer of this group is soil water storage. 
This storage layer represents the amount of water 
stored in the upper layer of the soil. The storage 
values for this layer are obtained from Rawls et al. 
(1998) which are determined on the basis of soil 
texture groups. The soil texture groups for the study 
watersheds are determined from the Forest Service’s 
Terrestrial Ecosystem Unit textural and soil depth data.  
Using such data, we determined the available soil 
storage amount to be approximately 8.8 inches. Using 
a method of calculation used by McEnroe (2010), the 
tension storage of the soil storage is estimated to be 

31.25% of the total 8.8 inches storage amount (which 
is 2.75 inches).  Since our interest in this paper is to 
determine the portion of precipitation that becomes 
runoff, subsurface storage beyond the soil layer and 
the corresponding percolation process are not relevant 
to the present modeling scheme.

Looking at the above, the important processes 
in the model are precipitation, infiltration, evapo-
transpiration, and runoff. The amount of infiltration 
is linearly related to the soil’s moisture storage 
capacity. The maximum infiltration rate used in the 
modeling process is determined from an adjusted rate 
of saturated conductivity value (ADWR 2007); and 
that value for the study watersheds is estimated at 1.1 
in/hr.  The evapotranspiration rate values used in the 
model are averages of measurements from three eddy 
flux towers located on or adjacent to the Centennial 
Forest.  The data from the instruments are compiled in 
the form of average monthly evapo-transpiration rates 
which are then converted to daily rates before they 
are subtracted from the storage layers during periods 
of no precipitation.  The precipitation input into the 
HEC-HMS model is obtained from SNOTEL data 
records; it is then incorporated into the model using a 
snowmelt subroutine to ensure that the input is in the 
form of water.

Evaluation Of Possible Treatment Scenarios
The first order of business in the modeling process 

was inputting pretreatment watershed data into the 
model to determine pretreatment water yield for the 
years 2010, 2011 and 2012.  Due to limitations of 
data from the eastern watershed, the model run for 
the pretreatment conditions used data only from the 
western watershed. In addition to see the possible 
impacts of forest fire or fire-prevention vegetation 
treatment on water yield, we run the model under a 
hypothetical scenario in which half of the vegetation 
cover was assumed to be absent. Under this assumption, 
all the canopy cover and understory litter, non-woody 
and other flammable vegetation would be reduced to 
50% of the pretreatment condition.  Likewise, the soil 
infiltration rates were adjusted to reflect the reduced 
vegetation cover. We also used the eddy flux data 
on evapotranspiration obtained from wildfire treated 
plots for the post-treatment modeling scenario.  All 
other parameter values except that of infiltration in 
the latter case remained the same as in the model for 
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the pretreatment scenario (See Table 1). The second 
modeling effort was made to represent a proxy forest 
thinning scenario, as was initially planned under the 
proposed project.

It is important to note that the results generated under 
both the pretreatment and hypothetical post-treatment 
scenarios are not compared to actual stream-flow 
measurements due to lack of adequate data. Therefore 
the results generated under both conditions are only 
model generated flows from the study watersheds.

RESULTS
Comparing the results of the hypothetically 

prescribed fire scenario with those of the pretreatment 
condition, we see changes in hydrological processes 
such as interception, infiltration, evapotranspiration 
and to some extent surface storage, as a result of 
vegetation treatment, leading to a net increase in 
water yield. This phenomenon has been well observed 
in numerous previous works such as that of Neary 
(2005, pg. 118), Leao and Tecle (2005), Leao (2005) 
to mention some. Other processes such as snow 
accumulation and melt may also be altered though 
the specific effect on water yield could be different 
depending on the openings created by vegetation 
treatment (Troendle and Leaf, 1980). In general, it is 
expected that forest fire burn or vegetation thinning 
of mountainous Arizona ponderosa pine forests may 
result in as much as 50 to 350% increases in water 
yield (Neary, 2005, pg113), while the increases in 
peak flow may be as much as 2,350 times of a historic 
high flows (Gottfried et. al. 2003).

As predicted there were definitive changes in 
infiltration rates and storages volumes with treatment.  

Input Parameters 
Treatment Scenarios 

Pre-treatment  Post-treatment 
Canopy Storage (in) 0.09 0.052 
Surface Storage (in) 0.15 0.15 
Infiltration (in/hr) 1.1 0.4 
Soil Storage (in) 8.8 8.8 

Tension Storage (in) 2.75 2.75 
 

Table 1. Input parameter values for pretreatment and hypothetical post-treatment conditions

The amount of infiltrated water decreased on the 
average by 17% per year under the hypothetical 
treatment scenario during the 2.5 year project duration.  
However because of decreases in canopy storage 
there was far more precipitation amount reaching 
the ground and becoming available for infiltration. 
This has led to an average increase of approximately 
1.02 inches in soil water storage under the treatment 
scenario.  Despite the small amount of increases in 
soil water storage, the decrease in interception volume 
with treatment also led to increased water availability 
for surface runoff.  On the average, there is an increase 
of 2.4 inches of precipitation under the hypothetical 
treatment scenario, which is partitioned between 
infiltration and runoff, thus increasing both amounts. 

To summarize, modeling with the increased 
precipitation resulted in an increase in water yield of 
approximately 25% during the 2010 and 2011 research 
period.  Likewise the modeling results during the first 
three months of 2012 shows a 248% increase in water 
yield (See column 4 in Table 2). These preliminarily 
estimated results fall within the range of the amount 
of increases of 50-350% found by the USDA Rocky 
Mountain Research Station (USDA, 2005). Based 
on these results, we can expect that a prescribed 
fire or forest treatment that takes out about 50% of 
the vegetation cover in the Centennial Forest may 
result in appreciable increases in water yield, at least 
temporarily.

SOME CONCLUDING REMARKS
This paper is a report of a preliminary analysis of 

a relatively new research project to explore the effects 
of forest fire or fire-prevention vegetation treatments 
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on water yield and peak flow from a pair of Ponderosa 
Pine forested watersheds.  The analysis made so far 
indicates that there is about 25% increase in water 
yield with a medium vegetation treatment level. The 
results, however, are based on hypothetical treatments 
rather than on actual treatments since the research is 
still in its initial pre-treatment period.  So, the main 
value of the work lies in demonstrating a successful 
application of the event-based HEC-HMS modeling 
system to a ponderosa pine forested watersheds in 
Northern Arizona.  The other value is reporting of 
an on-going paired watershed research project that 
measures and involves local climatic conditions, 
vegetation cover, soil characteristics and hydrological 
data. These data types were imputed into the model 
to arrive at the above results.  In the future, we plan 
to (1) treat one of the watersheds after the calibration 
research period to determine the similarity between 
the two watersheds is complete, (2) determine the 
actual impact of prescribed fire or fire prevention 
vegetation treatment levels on both water yield 
and peak flow, and (3) evaluate model reliability to 
achieve desired results. Only the impact of vegetation 
treatment on water yield is evaluated in this paper, 
and (4) we will continue our field work to collect 
more data on the necessary inputs into the HEC-HMS 
model to better represent the study watersheds so 
the model results would be more representative and 
reliable.  Additionally, we will refine the precision 
of the stream-gages to accommodate very low flows. 
In any case, the research project is very relevant as it 
addresses climate and watershed biophysical changes 
with time and space in evaluating the hydrology of 
forested watersheds.

Water Yield (Ac-Ft) 
1 2 3 4 

Year Pre-treatment Post-treatment  % Increase in water yield 
2010 156.78 195.96  24.99 
2011 68.34 86.04  25.89 
2012 6.43 22.4 248.37 

 

Table 2.  Model Water Yield (Ac-Ft/yr) results under both pretreatment and hypothetical  post-treatment scenarios
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