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ABSTRACT 

Depth-duration analysis, such as accomplished for rainfall, can be useful in the analysis of infiltration of rainfall. The 
assessment of infiltration depth-duration in terms of return frequency is of interest. In this paper, depth-duration values 
of daily rainfall infiltration are estimated using the National Resources Conservation Service (NRCS) Curve Number 
(CN) approach for estimating daily runoff. The CN methods may be generally applicable to soils that are free draining. 
From the estimated history of daily infiltration, a depth-duration analysis is accomplished for all duration sizes from 1 
day to 365 days. These annual outcomes are then analyzed as to a possible underlying probability distribution. For the 
rain gages considered, the depth-duration infiltration estimates (using the CN approach) appear to be normally distrib- 
uted. From the fitted distribution, estimates of rare events of rainfall infiltration may be made, and possible linkage to 
earth movement events accomplished with respect to return frequency of infiltration, which in turn can aid in the design 
and risk assessment of fixed works involving soil water accumulation. 
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1. Introduction 

For many types of studies involving rainfall, such as flood 
control works and irrigation works, among others, rainfall 
trends are typically described by the use of depth-duration 
estimates [1,2]. Such a depth-duration analysis is typically 
used to estimate rare return period (or return frequency) 
depths of rainfall for various time durations. 

In the current paper, the focus is on depth-duration esti- 
mates of rainfall infiltration into soils. A conceptual mo- 
del that describes infiltration is selected, given rainfall and 
soil properties, where it is assumed that the soil can infil- 
trate the rainfall quantities under consideration (e.g., the 
soil is free draining and not encumbered by perched 
groundwater or other such interferences to infiltration). 
The resulting estimates of infiltration can be analyzed in 
developing depth-duration estimates of rainfall infiltration 
analogous to the procedures applied to rainfall data alone. 
Probability distributions can be considered and fitted to 
the synthesized depth-duration estimates, enabling esti- 
mates of rare depth-duration outcomes of rainfall infiltra- 
tion.  

In this paper, the focus is developing a statistical pro- 
cedure that may be useful in describing the occurrence of 
earth movement events such as landslides and mud floods 

(among others) and to describe such outcomes in terms 
of the often used concept of return frequency, as is used 
in flood control engineering design and planning. This 
paper does not examine the details of landslide initiation 
(including transient soil water pore pressures and water 
content variations in time, among other related factors) 
which are examined in the literature [3]. Instead, if it is 
known that a certain quantity of infiltrated rainfall over a 
particular duration of time typically results in an earth 
movement event at a given location, then it is logical that 
an even larger quantity of infiltrated rainfall over the 
same duration of time should result in a higher probabil- 
ity of such an earth movement event or possibly a greater 
magnitude of the outcome. The “rainfall threshold” con- 
cept [4-6] embodies this idea and is well established in 
the literature. This paper extends the return frequency 
description of the rainfall threshold concept to rainfall 
infiltration [6].  

Several rain gages were analyzed in the State of Cali- 
fornia for the purpose of accomplishing the analysis de- 
scribed above. The rain gages selected are located close 
to the locations of target earth movement events. Because 
a long history of rainfall data is needed to estimate a long 
history of rainfall infiltration, daily rain gages were used 
for the estimation of daily infiltration. The rainfalls as- 
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sembled were daily rainfall values collected over time 
periods of several decades. Those data were then organ- 
ized into all the rainfall depth-duration outcomes, namely, 
1-day, 2-day, 3-day, and so forth, out to the entire water 
year (multiple years of depth-duration outcomes can be 
considered analogously). For each duration, the maximum 
value is selected for each year, resulting in the annual 
outcome for each year. The various annual outcomes, for 
each duration, are ranked in size, and plotted on various 
types of probability paper in order to assess an underlying 
probability distribution. For the current analysis, and for 
the selected analogs used to estimate infiltration quantities, 
the probability distribution considered was the standard 
normal distribution or the log-normal distribution. Using 
the standard normal distribution as the adopted underlying 
distribution, occasions of earth movements under study 
can be correlated to the return frequency of the infiltration 
corresponding to the subject earth movement. 

It should be noted that severe rainfalls do not neces- 
sarily infiltrate into the ground to become causal to an 
earth movement event, but instead may run off the land 
surface to cause flooding events. Furthermore, the ar- 
rangement and timing of a large quantity of rainfall dis- 
tributed over a multiple-day depth-duration typically re- 
sults in significantly different amounts of rainfall infiltra- 
tion. High intense portions of rainfall tend to result in a 
larger proportion of the rainfall runoff whereas a low 
intensity rainfall tends to become infiltrated rainfall. 
Consequently, the above described infiltration depth- 
duration analysis may better explain the occurrence of an 
earth movement event than provided by rainfall alone, and 
may be useful in assessing risk of future earth movement 
occurrences. By using the above described procedure for 
estimating return frequencies of rainfall infiltration, plots 
of return frequency versus duration size can be prepared 
for the estimated depth-duration infiltration quantities 
analogous to the plot of return frequency versus depth- 
duration rainfall quantities.  

It is contemplated that from the presented analysis, risk 
assessment of engineering and geotechnical works can be 
considered with respect to return frequency of rainfall 
infiltration (or even assessment of impacts from added 
infiltration water such as landscape irrigation, leakage 
from utility pipes and reservoirs, among other such types 
of added water). A possible procedure to perform such a 
risk assessment may adopt a desired return frequency of 
risk, such as 100-year (as used in FEMA floodplain des- 
ignation), or other return frequency. The implementation 
of a prescribed return frequency of rainfall infiltration as 
a design consideration throughout a region may provide 
the total population with a balanced risk reduction to 
earth movement events analogous to flood risk reduction 
approaches. An assessment can then be made of the en- 
gineering or geotechnical work, for each depth-duration of 
infiltration estimate from 1-day through one water year, or 

longer if necessary in order to capture infiltration effects 
of long duration. This analysis approach may also be used 
as another tool in assessing risk for earth movement 
events, such as landslides, mud floods, debris flows, and 
other such outcomes that are substantially caused by in- 
filtration of water.  

2. Rain Gage Data Considered 

Several rain gages were examined as part of this study. 
Four of the rain gages studied have locations close to 
landslide or mud flood events under study, and therefore 
the opportunity to assess the return frequency of the 
associated rainfalls as well as infiltrations was available. 
Table 1 provides relevant information about the rain 
gages, as well as the distance from the considered earth 
movement events to the closest rain gages. 

3. Daily Infiltration Estimation Approach 

There are many conceptual models and mathematical 
models that may be used to estimate rainfall infiltration 
into the soil, given rainfall data and properties of the soil 
[7-10]. For most situations of interest, rainfall impacts the 
soil and undergoes several near-surface interactions in- 
cluding storage, evapo-transpiration (ET), and ponding of 
rainfall on the soil surface along with the wetting of 
vegetation and objects (sometimes referred to as initial 
abstraction, or Ia). The rainfall that survives these near 
surface interactions percolates into the soil and then 
moves downwards and laterally as described by mathe- 
matical models such as the well-known Richards equation 
or other similar mathematical formulations [11]. Interfer- 
ences to soil water movement include soil properties of 
hydraulic conductivity, water content versus soil water 
pore pressure corresponding to the properties of the soil 
itself, conditions of perched groundwater, and saturated 
conditions of the soil typically associated with soils that 
are not “free draining”. In this paper, the soils considered 
and related interferences to soil water movement are as- 
sumed to correspond to “free draining” soils. For example, 
if the soil is surrounded by relatively impermeable layers 
of soil or impermeable faults, then continuous infiltration 
of water may be impeded and the soil is not “free drain- 
ing”. The analysis approach assumes a free draining soil 
sufficient to apply the assumption that the estimated an- 
nual depth-duration infiltration outcomes are mutually 
independent. (It is noted that in some earth movement 
phenomena, such as mud flows or mud slides, there may 
be significant amounts of clay or other such soils that 
exhibit some amount of cohesion, resulting in timing de- 
lays between the causal infiltrated rainfall and the earth 
movement itself. Furthermore, many types of earth 
movement phenomenon, particularly landslides, involve 
the accumulation of soil water resulting in increased pore   
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Table 1. Rain gages examined in study. 

Gage 
ID 

Type Gage Name 
Source 

(California) 
Elevation 

feet (meters)
Latitude Longitude

Data 
From 

Data To 
Years 

of Data 
Distance to  

Landslide miles (km)

91 Daily Berkeley Geology Alameda County 320 (98) 37.867 −122.250 1886 2007 121 5.86 (9.43) 

100 Daily 
Laguna Beach  

Treatment Plant 
Orange County 445 (136) 33.547 −117.781 1966 2008 42 1.75 (2.82) 

176 Daily El Toro Orange County 50 (15) 33.628 −117.691 1928 2007 79 9.60 (15.45) 

372 Daily 
San Francisquito 

Power House No2 
Los Angeles 

County 
1580 (482) 34.534 −118.524 1940 2008 68 3.9 (6.28) 

 
pressures, which also takes time for the infiltrated rainfall 
to migrate towards such areas of soil water accumulation. 
These delays in timing between the causal infiltrated 
rainfall and the occurrence of the earth movement may be 
assessed using standard soil water modeling techniques. 
However, the association of the causal rainfall infiltration, 
its depth-duration and return frequency, still typically 
applies to the earth movement outcome.) Again, the pro- 
cedures described herein are proposed as an extension of 
the rainfall threshold approach. 

The National Resources Conservation Service (NRCS; 
previously known as the Soil Conservation Service, or 
SCS) continues to develop and support use of a rainfall- 
runoff modeling approach typically known as the Curve 
Number approach (or CN method), as is described in sev- 
eral publications including the National Engineering 
Handbook [12]. The CN approach has been the subject of 
numerous research publications, including [13], among 
others. Due to the continued and widespread use in civil 
engineering and irrigation studies throughout the United 
States (and the world), the CN approach is utilized in this 
paper to estimate daily runoff values. Furthermore, since 
daily rainfall data are available, a procedure to estimate 
evapotranspiration (ET) is also used. 

4. Description of NRCS Rainfall-Runoff CN 
Method 

The NRCS’s CN approach provides estimates of daily 
runoff given daily rainfall and a descriptive CN value for 
the situation under study. The effects of prior rainfalls is 
considered through the Antecedent Runoff Condition 
(ARC) which results in an adjustment to the selected CN 
of the situation such that a high ARC results in a higher 
CN value for the target day and a lower ARC results in a 
lower CN value for the target day, causing an increase or 
decrease in daily runoff, respectively. Details of the ARC 
modification procedure can be found in the National En- 
gineering Handbook [12]. For a given situation under 
study, a CN value is selected from a tabulation of CN 
descriptions prepared by the NRCS after years of ex- 
perimental plot measurements of the rainfall-runoff pro- 
cess.  

The CN approach works upon values for daily rainfall 
and a selected watershed curve number (CN) value (be- 

tween 1 and 100) that is associated with the watershed 
under study. The CN approach estimates initial abstrac- 
tion, Ia, by 

0.25Ia              (1a) 

where S is a storage parameter defined by 

 1000 10S CN 



     (1b) 

and daily runoff, Q, is estimated by 

  2
0.8*Q P Ia P S      .   (1c) 

5. Estimation of Daily Rainfall Infiltration 

The mathematical analog considered in this paper for es- 
timating rainfall infiltration is 

         I j P j Q j ET j Ia j       (2) 

where: 
I(i) = infiltration estimate for day j; 
P(j) = rainfall for day j, available from daily rain gage 

data; 
Q(j) = runoff for day j, estimated using the NRCS ap- 

proach for the specified CN value and ARC; 
ET(j) = evapo-transpiration for day j; and 
Ia(j) = initial abstraction for day j, estimated from the 

NRCS approach for the specified CN value and ARC. 
The CN adjustment procedure for a particular daily 

rainfall is to adjust the CN value based on the prior five 
day rainfall values, according to the well-known NRCS 
procedure for including antecedent rainfall conditions. 
Adjustments of CN values follow the prescribed NRCS 
procedure. For durations greater than five days, if rainfall 
is continuous, wet antecedent conditions are typically 
assumed. Similarly, if the preceding five days are dry, 
then the CN values are lowered as described in the 
NRCS procedure. Because the CN procedure does not 
track evapo-transpiration between storm events and dur- 
ing storm events, a local ET procedure is used. In the 
current paper, data from the California Irrigation Man- 
agement Information System (CIMIS) is used to provide 
the necessary ET(j) daily values (from average monthly 
records), as measured at nearby CIMIS gaging stations. 
(Information about CIMIS, CIMIS gaging stations, and 
relevant information available, can be found at  
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http://wwwcimis.water.ca.gov/cimis/welcome.jsp). Final- 
ly, daily estimates of initial abstraction are based upon 
the NRCS procedure. 

The computation of daily infiltration estimates from 
Equation (2) can be accomplished on a standard spread- 
sheet computer program (such as the one used in the 
current work) using daily rainfall data and ET data avai- 
lable from sources such as the web or subsequent publi- 
cations. Once daily infiltration is estimated for the entire 
history of daily rainfall data from the rain gage, the re- 
sulting history of daily infiltration can be analyzed for 
underlying trends and statistical attributes on a depth- 
duration basis analogous to depth-duration analysis of 
rainfall alone. 

6. Depth-Duration Analysis of Infiltration 

The above sections describe the procedure used in this 
paper to develop a continuous history of daily rainfall 
infiltration estimates, given a history of continuous daily 
rainfall data and selected procedures for estimating daily 
rainfall infiltration. The resulting daily rainfall infiltration 
estimates may be subdivided into appropriate rainfall 
water years (such as October through September of the 
following year). Next, the maximum value for each dura- 
tion (i.e., the “annual outcome”) is determined, for each 
water year, of 1-day through the entire water year (e.g., 
365-day). For N water years of data, there will be a set of 
N annual outcomes, one such set for each of the various 
duration sizes. For each duration, the set of N annual 
outcomes are ranked by magnitude, and the usual statis- 
tical percentiles (e.g., such as the 50-, 80-, 90-, 95-, 96-, 
98- 99-, and higher percentiles) are computed as well as 
the statistical mean, standard deviation and skew. Because 
annual outcomes of depth-duration daily rainfalls are used, 
and because the presented overall procedure assumes free 
draining infiltration without interference from accumu- 
lating soil water in the depths of soil under study (such as 
from perched groundwater or deep groundwater condi- 
tions, among other factors), it is assumed that the selected 
set of such annual outcomes are mutually independent 
outcomes from a random variable (as is assumed in the 
analysis of rainfall alone). It is noted that although it is 
assumed that annual outcomes are mutually independent 
(that is, outcomes of a target year are independent of 
outcomes from a different year, which is an assumption 
employed for the statistical analysis of most rainfall 
events as well as many types of runoff events), there may 
be considerable correlation and mutual dependence be- 
tween various depth-duration infiltration outcomes. For 
example, an 8-day duration event may also contain the 1-, 
2-, 3-, 4-, ··· 7-day duration events. Consequently, as a 
rough guideline, the 50th percentile of the selected set of 
outcomes would approximate the 2-year return frequency 
value of daily rainfall infiltration corresponding to the 

duration selected. The 99-percentile would approximate 
the corresponding 100-year return frequency value. De- 
pending on the underlying probability distribution as- 
sumed, estimates can be made of the return frequency 
values of durations of rainfall infiltration. 

7. Distribution of Rainfall Infiltration  
Estimates 

At each gage considered in this study, three approaches 
for estimating rainfall infiltration are considered: 
1)  Rainfall less Runoff (P-Q), where runoff is calculated 

using the NRCS Curve Number method with variable 
ARC,  

2)  Rainfall less Runoff less Evapo-Transpiration (P-Q- 
ET), using average monthly ET values from the most 
relevant CIMIS gage, and  

3)  Rainfall less Runoff less Evapo-Transpiration less 
Initial Abstraction (P-Q-ET-Ia), where Ia is calculated 
via the NRCS Curve Number method. 

It is noted that for each location, the appropriate soil 
group was determined using NRCS Soil Survey maps, and 
a CN of 70 for AMC II was used. The published Califor- 
nia State Department of Water Resources (DWR) rainfall 
depth-durations are from the set of peak daily duration 
intervals, N = {1, 2, 3, 4, 5, 6, 8, 10, 15, 20, 30, 60, 365}, 
and a representative subset of these, i.e. {1, 4, 8, 20, 30, 60, 
365}, are further examined. Data for the above three in- 
filtration approximations are ranked according to their 
respective durations, and the Normal Order Statistical 
Medians, M, are calculated for each data set as follows: 

   1 for   1M i M N i           (3a) 

     0.3175M i i 

for 2,i

0.365N   

3, , 1N             (3b) 

   10.5 for NM i i N            (3c) 

where “i” is annual event i.  
(See http://www.itl.nist.gov/div898/handbook/eda/section3/ 
normprpl.htm, among others).  

Each infiltration estimate is then graphed versus its 
corresponding Normal Order Statistical Medians and the 
graphs were inspected for linearity. In such a graph, a 
normally distributed set of data will exhibit linear be- 
havior. For example, the results for Gage 91 are shown for 
all three infiltration estimates in Figure 1 (P-Q), Figure 2 
(P-Q-ET), and Figure 3 (P-Q-ET-Ia). (Similarly, Figures 
4-6 show infiltration estimates from the other gage sites 
considered.) This process was repeated using log10 of each 
data point in order to determine if the distribution is Log 
Normal. Each resulting plot was given a Line of Best Fit 
and the R2 value calculated. The R2 values are summa- 
rized in Table 2. From Table 2, although the R2 values are 
similar with respect to the t o presented distribution  w 
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Table 2. R2 Values from normal distribution and log normal distribution test plots. 

P-Q P-Q-ET P-Q-ET-IA 
Peak Duration (days) Gage 

Normal Log Normal Normal Log Normal Normal Log Normal 

91 0.9436 0.9921 0.9409 0.9916 0.9561 0.9573 

100 0.9326 0.9873 0.9306 0.9875 0.8059 0.9540 

176 0.9096 0.9859 0.9097 0.9822 0.8853 0.9867 
n = 1 

372 0.9451 0.9916 0.9455 0.9915 0.9550 0.7935 

91 0.9729 0.9744 0.9731 0.9770 0.9769 0.9231 

100 0.9848 0.9561 0.9823 0.9532 0.9077 0.9732 

176 0.9806 0.9240 0.9770 0.9172 0.9257 0.9660 
n = 4 

372 0.9819 0.9725 0.9816 0.9714 0.9683 0.8425 

91 0.9888 0.9756 0.9897 0.9766 0.9734 0.9211 

100 0.9807 0.9737 0.9758 0.9756 0.9130 0.9773 

176 0.9651 0.9011 0.9614 0.8951 0.9139 0.9772 
n = 8 

372 0.9808 0.9819 0.9809 0.9771 0.9594 0.8725 

91 0.9873 0.9660 0.9865 0.9655 0.9648 0.9279 

100 0.9591 0.9879 0.9555 0.9879 0.8915 0.9801 

176 0.9529 0.9428 0.9455 0.9213 0.8563 0.9752 
n = 20 

372 0.9623 0.9788 0.9638 0.9757 0.9270 0.8548 

91 0.9882 0.9762 0.9851 0.9749 0.9577 0.9440 

100 0.9565 0.9923 0.9571 0.9919 0.8773 0.9844 

176 0.9673 0.9463 0.9612 0.9235 0.8418 0.9854 
n = 30 

372 0.9698 0.9892 0.9714 0.9851 0.9264 0.8775 

91 0.9863 0.9704 0.9833 0.9668 0.9529 0.9406 

100 0.9233 0.9886 0.9227 0.9863 0.8329 0.9832 

176 0.9298 0.9472 0.9214 0.9300 0.8206 0.9770 
n = 60 

372 0.9368 0.9935 0.9375 0.9936 0.8707 0.8946 

91 0.9839 0.9809 0.9850 0.9806 0.9452 0.9406 

100 0.9181 0.9763 0.9131 0.9823 0.8111 0.9843 

176 0.9202 0.9569 0.9191 0.9454 0.8094 0.9803 
n = 365 

372 0.9120 0.9874 0.9134 0.9895 0.8780 0.8918 

TABLED AVERAGE 0.9579 0.9713 0.9561 0.9677 0.9037 0.9381 

 
candidates, visual inspection may be needed in assessing 
goodness of fit of the data to generalized regression curves. 
For some soils and conditions, the infiltration estimates 
may be improved for wet conditions in the soil by in- 
cluding a soil-moisture tracking method. Other models for 
infiltration may also be considered as well as soil-mois- 
ture accounting methods. In the current paper, the soil is 
assumed to be sufficiently “free draining” such that the 

CN approach is adequate for estimating infiltration quan- 
tities. Probability distribution assessment may be needed 
on a regular basis in order to refine estimates of rare return 
frequency levels (e.g., usually 100-year or rarer; or ex- 
trapolations based on a questionable record or short record 
length, among other issues) when additional data are 
collected.  

The choice of the probability distribution function used  
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Figure 1. Normal distribution test for Gage 91: P-Q where P = rainfall (available from daily rain gage data) and Q = runoff 
(estimated using the NRCS approach for the specified CN value and ARC) for n = depth-duration size (days). 

 

 

Figure 2. Normal distribution test for Gage 91: P-Q-ET where P = rainfall (available from daily rain gage data), Q = runoff 
(estimated using the NRCS approach for the specified CN value and ARC) and ET = evapo-transpiration for n = 
depth-duration size (days). 
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Figure 3. Normal distribution test for Gage 91: P-Q-ET- IA where P = rainfall (available from daily rain gage data), Q = runoff 
(estimated using the NRCS approach for the specified CN value and ARC), ET = evapo-transpiration, and IA= initial ab- 
straction (estimated from the NRCS approach for the specified CN value and ARC) for n = depth-duration size (days). 
 
to extrapolate the rainfall infiltration estimates to rare 
occurrence probabilities depends upon the analysis of the 
resulting rainfall infiltration estimates for the various 
durations considered. In this paper, the standard normal 
and also the log-normal distributions are considered. 
Other distributions are possible, such as the log-Pearson 
III (LP3) distribution typically used to model storm runoff 
peak flow rates. This paper does not investigate the ad- 
vantages or disadvantages of probability distributions and 
leaves that topic for future research. The choice of the 
standard normal distribution is based upon apparent good- 
ness-of-fit of the rainfall infiltration estimates to the usual 
normal distribution plot test as observed by the authors. 
The best distribution to be used is subject to further in- 
depth research. Indeed, it is contemplated that the appar- 
ent best distribution fit for the cases considered may be 
inappropriate for other locations or upon addition of more 
data.  

For the case studies considered, significant variation in 
the usual best-fit statistical measures as well as visual 
inspection of best fit plots to the data both show that the 
applicable probability distribution function (pdf) was not 
consistent across all cases, suggesting that the choice of 
best fit pdf may need to be made on a case-by-case basis. 
Further research is needed to better understand what pdf 

best fits particular situations. In terms of risk analysis, use 
of several pdf fits may be appropriate to better describe 
variabilities and uncertainties in the predictions obtained 
in extrapolating data to rare return frequency levels. 

8. Return Frequency Estimation of 
Depth-Durations of Infiltration 

Once the probability distributions for the various 
depth-duration rainfall infiltration quantities are devel- 
oped, return frequency estimates can be made of particular 
durations of rainfall infiltration corresponding to observed 
earth moving events. If the standard normal distribution is 
assumed to describe the depth-duration estimates of 
rainfall infiltration, the usual percentiles corresponding to 
the mean plus (or minus) the standard deviation of the 
particular duration estimated rainfall infiltration estimates, 
can be directly used to estimate the corresponding return 
frequency. Other probability distributions may be more 
appropriate for use such as the log-Pearson family of 
distributions that finds significant use in rainfall return 
frequency analysis [14]. It is noted that the rainfall infil- 
tration estimates not only depend on the rainfall data used, 
but also the model employed to estimate the rainfall in- 
filtration. Different infiltrati n models may result in in o  
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(a) 

 
(b) 

 
(c) 

Figure 4. Normal distribution tests for gage 100: P-Q, P-Q-ET, and P-Q-ET-IA where P = rainfall (available from daily rain 
gage data), Q = runoff (estimated using the NRCS approach for the specified CN value and ARC), ET = evapo-transpiration, 
and IA = initial abstraction (estimated from the NRCS approach for the specified CN value and ARC) for n = depth-duration 
size (days). 
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(a) 

 
(b) 

 
(c) 

Figure 5. Normal distribution tests for gage 176: P-Q, P-Q-ET, and P-Q-ET-IA where P = rainfall (available from daily rain 
gage data), Q = runoff (estimated using the NRCS approach for the specified CN value and ARC), ET = evapo-transpiration, 
and IA = initial abstraction (estimated from the NRCS approach for the specified CN value and ARC) for n = depth-duration 
size (days). 
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(a) 

 
(b) 

 
(c) 

Figure 6. Normal distribution tests for gage 372: P-Q, P-Q-ET, and P-Q-ET-IA where P = rainfall (available from daily rain 
gage data), Q = runoff (estimated using the NRCS approach for the specified CN value and ARC), ET = evapo-transpiration, 
and IA = initial abstraction (estimated from the NRCS approach for the specified CN value and ARC) for n = depth-duration 
ize (days). s  

Copyright © 2013 SciRes.                                                                                  ACS 



T. V. HROMADKA II  ET  AL. 

Copyright © 2013 SciRes.                                                                                  ACS 

605

 
length. For the study, the entire history of daily rainfalls is 
analyzed in order to identify other comparable rainfall or 
rainfall infiltration events found in the past where data 
exist. However, for the subject demonstration, only the 
water year of the landslide event is presented herein. Us- 
ing the normal distribution as described above, the return 
frequency of each of the 365 depth-duration annual out- 
comes is estimated, resulting in 365 return frequency 
estimate values, one for each duration size. Plots of return 
frequency estimate versus duration size are prepared, for 
both rainfall as well as the rainfall infiltration estimates. 
The combined plots are shown in Figure 7. However for 
brevity, only the water year of the landslide event is 
graphically shown, although similar plots were created as 
part of the computational analysis for each of the seasons 
where rainfall data are available [6]. 

filtration estimates that may be better modeled statistically 
by a different distribution. More research is needed to 
assess if one probability distribution is appropriate for 
generalization to application to all situations, such as the 
log-Pearson distribution which is applied to rainfall data 
alone.  

9. Application 

In order to demonstrate the above approach, a series of 
shallow landslides which occurred over a time span of 100 
years was considered, with large landslide events occur- 
ring in years 1909, 1935, 1940, 1952, 1956, and 2006. The 
location of these landslides were not the same, but sepa- 
rated by a few hundred feet distance. Of particular interest 
in this situation is the relationship between the occur- 
rences of landslides versus the severity of the rainfall 
event. In order to describe the relevant rainfall infiltration, 
the return frequencies of the particular rainfall infiltration 
events are estimated using the procedures described in this 
paper. The above methodology for estimating rainfall 
infiltration is applied to the daily rainfall data for the 
Berkeley Geology rain gage, listed in Table 1. For the 
rainfall water year given as October to September, the 
entire water year of daily rainfall is broken down into the 
above described depth-duration intervals up to 365 days in 

From the Figure, rainfall infiltration return frequency 
estimates are above the 100-year level for the durations of 
14 days through 21 days. For the 16-day duration, rainfall 
infiltration quantities are estimated to be above the 250- 
year return frequency level. In comparison, the associated 
rainfalls corresponding to these same durations are less 
than about the 30-year return frequency. Examination of 
the rainfalls and the associated infiltration estimates show 
that the rainfalls under study were of relatively low or 

 

 

Figure 7. Gage 91 Rainfall and Infiltration (P-Q-ET-IA) Return Frequencies where P = rainfall (available from daily rain gage 
data), Q = runoff (estimated using the NRCS approach for the specified CN value and ARC), ET = evapo-transpiration, and IA 
= initial abstraction (estimated from the NRCS approach for the specified CN value and ARC) for n = depth-duration size 
days). (  
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common return frequency, with low rainfall intensities, 
resulting in a large proportion of the rainfall being subject 
to infiltration, resulting in an unusually large (with respect 
to the historic data) total infiltration of rainfall into the soil. 
From the statistical analysis of historic infiltration events 
(by examining all storms within the available daily rain- 
fall record), a ranking of total infiltration occurring across 
all the durations plotted in the Figure show that the subject 
earth movement event can be associated with a very rare 
infiltration event even though the underlying rainfall event 
itself is of more common return frequency. From the same 
Figure, no other infiltration event for any duration stands 
out as a candidate as being a substantial cause for the 
subject earth movement event. Therefore, in further in- 
vestigation of cause of the landslide (or other earth move- 
ment event), the identified duration of rainfall may be 
considered as a good candidate of rainfall whose infil- 
tration into the soil resulted in reducing the relevant factor 
of safety for slope stability (or other earth movement) to 
less than a value of 1. Such further investigation may 
include (but by no means is limited to) the usual ground- 
water and infiltration models examining pore pressure 
distributions and related soil water accumulation factors.  

The two plots shown in Figure 7 indicate a striking dif- 
ference between the return frequency estimates of rainfall 
alone versus the estimate of rainfall infiltration as esti- 
mated using Equation (2) and the normal probability dis- 
tribution to estimate return frequency values of estimated 
infiltration. For the subject situation, the duration of 
rainfall that had the highest return frequency value is 17 
days, with an associated return frequency value of about 
30 years. However, the estimate of infiltration using 
Equation (2) resulted in a duration of infiltration of 16 
days with corresponding highest return frequency of over 
250 years. The difference between these two return fre- 
quency values, for comparable durations, is explained by 
the delivery of the rainfall being of mild intensity, re- 
sulting in a high proportion of that rainfall being subject to 
infiltration into the soil. This observation may be made 
using the same diagram but for a duration of rainfall of 
one day where the corresponding return frequency cor- 
responds to a common storm intensity. Given that most of 
the rainfall and also the estimated infiltration duration 
return frequency values corresponding to various dura- 
tions are all associated with commonplace storm events, 
and given that the subject landslide event is of a rare oc- 
currence, it is logical to question whether a common place 
return frequency infiltration duration event is less likely to 
be the substantial cause of the landslide than is the rare 
infiltration event estimated to have occurred for the peak 
16 days as indicated in Figure 7. This type of analysis 
may be helpful for many situations in the assessment of 
the substantial cause of earth movement events where 
rainfall is assumed to be the underpinnings of the earth 

movement event itself. Furthermore, such an analysis may 
be undertaken for arbitrary durations of T-year return 
frequency infiltration events in the assessment of engi- 
neering designs contemplated in preventing similar earth 
movement events such as landslides and mud floods or 
other similar outcomes. Such a consideration is analogous 
to many aspects of flood control design analysis of flood 
control engineering works.  

10. Discussion 

Many earth movement events, such as landslides, mud 
floods, debris flows, and other such occurrences that are 
strongly associated with large volumes of rainfall and 
subsequent infiltration of rainfall, may be explained by 
use of the well-known rainfall threshold approach. An- 
other approach to explaining such earth movement events 
is by the return frequency of the various peak duration 
rainfalls associated with these earth movement events.  

For example, in [6], the landslide disaster at La Con- 
chita, California that occurred on January 10, 2005 was 
analyzed and found to be well suited to such a rainfall 
duration assessment in terms of the return frequency of the 
associated rainfalls. For that earth movement event, the 
application of the rainfall infiltration return frequency 
method described in this paper was found to be useful to 
explain not only the year 2005 outcome but also prior 
earth movement events at the subject landslide location, 
including severe mass wasting in 1938. Again, as with the 
Example Application situation, it was not just the severity 
of the rainfall itself that best explains the occurrence of the 
earth movement events, but the “packaging” of the rainfall. 
That is, milder intensities of rainfall typically result in a 
larger proportion of the rainfall infiltrating into the soils, 
resulting in the situation that long duration “soaker” type 
rainfall events produce larger quantities of infiltrated 
rainfall into the soil, than do larger and more severe 
rainfall events of rare return frequency. In [6], a plot of 
duration size versus corresponding return frequency of 
rainfall showed that the durations of 10 through 30 days in 
size were particularly severe in rainfall quantities and of 
rare return frequency for the said La Conchita landslide 
(see Figure 8 herein, also seen as Figure 7 in [6]). Al- 
though such an analysis as shown in Figure 8 is useful to 
identify likely durations of rainfall that are causal in the 
subject earth movement event, assessing rainfall alone 
may not be as explanatory of the earth movement event as 
use of estimates of rainfall infiltration. This is because 
severe rainfalls do not necessarily infiltrate into the 
ground to become causal to an earth movement event, but 
instead may runoff the land surface to cause flooding 
events. Furthermore, the arrangement and timing of a 
large quantity of rainfall distributed over a multiple-day 
peak duration typically results in significantly different 
amounts of rainfall infiltration. High intense portions of  
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Figure 8. Return frequency estimates for la conchita landslide rainfall analysis. 
 
rainfall tend to result in a larger proportion of the rainfall 
being runoff whereas a low intensity rainfall tends to 
become infiltrated rainfall.  

Another issue is that of the frequency of occurrence of 
such earth movement events versus the frequency of oc- 
currence of the causal rainfall infiltration, when rainfall 
infiltration is the substantial causal factor. Many areas 
where landslides occur oftentimes have a history of simi- 
lar earth movement events, and therefore the frequency of 
occurrence of the historic events may generally be similar 
to the frequency of occurrence of the causal rainfall infil- 
tration. The above procedure aids in assessing such 
near-coincident frequencies.  

Future research is needed on several topics including, 
but by no means limited to: 1) the sensitivity in rare return 
frequency predictions (e.g. 100-year, 200-year, etc.) of 
depth-duration infiltration estimates with respect to 
methodology used for estimating infiltration from rainfall 
data; 2) determination of underlying distributions, par- 
ticularly skewed distributions, that may result for long 
depth-durations of infiltration; 3) use of smaller time 
intervals for determination of infiltration, such as hourly 
rainfall data, or 5-minute rainfall data from continuous 
rain gage recordings or Alert gages, among other small 
time intervals; 4) multiple year depth-durations, or dura- 
tions such as 500-day, 1000-day, or longer, for estimation 

of long term depth-duration infiltration events; 5) appli- 
cation of the presented methodology to other than free 
draining soils conditions, including perched groundwater 
or groundwater table conditions, or conditions where soil 
non-homogeneity effects or anisotropic effects interfere 
with the free draining soils assumption. Other enhance- 
ments for further research include but are no means lim- 
ited to: a) different infiltration models, b) different prob- 
ability distribution functions used to fit the estimated 
infiltration duration outcomes, c) topics involving region- 
ality of the infiltration estimates and also the return fre- 
quency estimates due to concerns regarding regional geo- 
logic properties, rainfall trends, vegetative trends, among 
other effects, and d) other topics that influence estimates 
of rainfall infiltration and the linkage between earth move- 
ment events and rainfall infiltration. 

11. Conclusions 

In this paper, a procedure is examined to estimate rainfall 
infiltration over a specified duration with a specified re- 
turn frequency. A possible use of this procedure may be 
found in the risk analysis of engineering works designed 
to handle earth movement events, such as mud floods and 
landslides (among others). Similar to flood control engi- 
neering works designed to handle storm runoff events of a 
prescribed return frequency, instead of handling all pos- 
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sible flooding events, earth movement engineering works 
may be designed or analyzed with respect to a prescribed 
return frequency of rainfall infiltration, rather than han- 
dling all possible rainfall infiltration events. Additionally, 
when considering the use of the “rainfall threshold” in 
describing the occurrence of landslides [5,6], that rainfall 
threshold is associated with a rainfall infiltration, both 
effects being describable in terms of return frequency. 

In this paper, depth-duration rainfall infiltration is es- 
timated using a relationship based upon the commonly 
used National Resources Conservation Service (NRCS) 
Curve Number (CN) approach for estimating daily runoff. 
By examining the entire history of daily rainfalls from 
various rain gages located in California, the NRCS CN 
approach is used to develop estimates of daily runoff 
continuously through the gage record, and then estimates 
of infiltration are developed using the components of the 
CN relationship itself to isolate out the infiltration com- 
ponent of the overall water budget. (Other such infiltration 
estimation methodologies can be used instead of the CN 
approach used herein. However, an appropriate probabil- 
ity distribution may be developed that adequately de- 
scribes the rainfall infiltration depth-duration trends esti- 
mated by the selected infiltration model, and therefore the 
concluded probability distribution may be infiltration mo- 
del type dependent.) In order to assess uncertainty in infil- 
tration estimates, use of several infiltration modeling 
analogs may be undertaken and their respective estimates 
similarly analyzed as described in this paper. Such dis- 
plays of multiple modeling outcomes are becoming more 
commonplace in hydrology, meteorology (e.g. prediction 
of hurricane pathways over future time), among other 
topics. From the gage history of estimated daily infiltra- 
tion, a depth-duration analysis is accomplished for all 
duration sizes from one day in length to 365 days in length 
(resulting in 365 separate depth-duration analyses). For 
any selected duration, the estimated infiltration quantities 
are ranked according to the maximum outcome of the 
selected duration, with one infiltration outcome for each 
year, resulting in N “annual” depth-duration estimates of 
infiltration for a gage record of N years in length. These 
annual outcomes are then analyzed as to a possible un- 
derlying probability distribution by considering various 
distributions. It is concluded that for the rain gages con- 
sidered in the current analysis, and for using the CN ap- 
proach to estimate infiltration quantities as shown in the 
paper, that the depth-duration infiltration estimates may 
be distributed normally or log-normally. From the fitted 
probability distributions, estimates of rare events of infil- 
tration into soil can be made. Furthermore, possible link- 
age to earth movement events may be made with respect 
to such estimates of return frequency of infiltration, which 
in turn can aid in the design and risk assessment of fixed 
works involving soil water accumulation, such as land-  

slide protection measures, among others. It is envisaged 
that this approach to infiltration assessment may supple- 
ment other approaches such as the Rainfall Threshold 
approach to analyzing the risk of landslides and similar 
earth movement events.  
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