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Modeling on-site wastewater treatment system

performance fragility to hydroclimate stressors

Laura E. Kohler, JoAnn Silverstein and Balaji Rajagopalan
ABSTRACT
Increasing variability of climate-related factors, especially precipitation and temperature, poses

special risks to on-site wastewater treatment systems (OWTS), which depend on subsurface

saturation conditions for treatment and dispersion of wastewater. We assess OWTS fragility – the

degree to which a system loses functionality – as a step to characterizing the resilience of residential

wastewater treatment systems. We used the frequency and indexed severity of OWTS failures and

resulting repairs to quantify fragility as a function of hydroclimate variables, including precipitation,

temperature and stream flow. The frequency of each category of repair (minor, moderate and major)

for 225 OWTS obtained from Boulder County public health records was modeled as a function of

climate factors using a generalized linear model with a Poisson distribution link function. The results

show that prolonged precipitation patterns, with monthly rainfall >10.16 cm, influence OWTS

fragility, and complete loss of OWTS functionality, requiring replacement, is impacted by high

temperatures, frequency of wetter-than-normal months, and the magnitude of peak stream flow in

the watershed. Weather-related covariates explained 70% of the variability in OWTS major repair data

between 1979 and 2006. These results indicate that fragility arising from climate factors, and

associated costs to owners, environmental and health impacts, should be considered in planning,

design and operation of OWTS.
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INTRODUCTION
Increasing climate variability and related weather patterns
threaten both the physical and functional integrity of infra-

structure including wastewater collection and treatment
systems. Subsurface components of these systems are par-
ticularly vulnerable to flooding and soil saturation
conditions. Clogging and loss of percolation in the soil treat-

ment unit (STU) of on-site wastewater treatment systems
(OWTS) have been identified as a major factor determining
OWTS performance (McKinley & Siegrist ). In a survey

of 45 local OWTS regulatory agencies in California, 96%
reported using effluent surfacing in the STU as an indicator
of malfunction; the secondary effect of STU failure, sewage

backup, was used by 84% of the agencies (California Waste-
water Training and Research Center & USEPA ).
Moreover, delays in recovery from failures pose risks to

the public and environment through prolonged exposure
to wastewater constituents through direct contact with
released wastewater, groundwater and drinking water
supplies. During Hurricane Sandy, for instance, 11 billion
gallons of untreated and partially treated sewage flowed

into rivers, bays, canals, and in some cases city streets, a con-
sequence of record storm-surge flooding (Kenward et al.
). However, less attention has been paid to weather-
related damage to OWTS although those systems serve

25% of the US population and 10–40% of the population
in Sandy-affected states (EPA ). While the association
is widely acknowledged (Amador et al. ), no quantitative

analysis of the relationship between weather and OWTS fail-
ure exists (Amador et al. ; UNICEF & GWP ;
Morales et al. , ).

Use of OWTS is increasing beyond its rural origins, with
over 30% of new developments served by on-site technol-
ogies (EPA ). Outside of the USA, on-site technology

is leveraged to provide sanitation services in communities
that either currently use unimproved facilities or have no
access to safe disposal of fecal waste (WHO & UNICEF
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). Even under normal environmental conditions, the fail-

ure rate of OWTS is significant – as high as 50% in some
regions of the USA. More variable precipitation (both rain-
fall and snow equivalents) and flooding events heighten

the risk of failure of sanitation systems dependent on under-
ground storage tanks and subsurface discharge through
unsaturated soil (Kirtman et al. ). Therefore assessment
of the response of OWTS to weather-related variables

should be an important component to planning and design
of these systems. To enable informed decisions, we consider
the link between OWTS performance and weather patterns

in a resilience framework.
Bruneau et al. () characterizes resilience as deter-

mined by four system properties: robustness, rapidity,

redundancy, and resourcefulness. While all four properties
affect resilience, system vulnerability to external stressors
and the degree a system loses functionality can directly
affect the time and resources required to recover perform-

ance. Therefore, we focus on fragility – the difference
between 100% of the expected level of OWTS performance
and robustness, which is the level of performance after a sig-

nificant perturbation (Figure 1). McDougall () further
breaks down fragility into design and natural fragility. Natu-
ral fragility describes the distribution of infrastructure

system performance outcomes, i.e. failure frequency and
the degree of failure, when operations are outside of con-
ditions assumed by the engineer; design fragility of OWTS

has been the object of a number of studies (e.g. McKinley
& Siegrist ). Kohler et al. (a, b) have studied
OWTS fragility related to maintenance and regulatory fac-
tors. Natural fragility reflects performance reliability under

real world conditions, compared to reliability under purely
designed conditions (McDougall ). We hypothesize
that OWTS natural fragility, expressed as the frequency
Figure 1 | Conceptual framework for resilience measurement (adapted from Bonstrom &

Corotis (2014)).
distribution of failure events, is associated with weather pat-

terns, especially those that affect soil saturation and
clogging conditions in the STU. The integrity of under-
ground septic tanks also is subject to groundwater

conditions via infiltration and cracking resulting from soil
pressure changes.

We use documented OWTS repairs in Boulder County,
Colorado, USA, ranked in a severity index, as the measure

of OWTS failure. A generalized linear model (GLM)
regression method is then used to evaluate the association
of natural fragility, hereinafter shortened to fragility, with

local temperature, rainfall and stream flow conditions over
a range of time scales.
METHODS

Data

Repair permit data were collected for 225 OWTS in the
Boulder–St Vrain Creek watershed in northeastern Color-
ado, maintained by the Boulder County Public Health

Department. The geographic distribution of the OWTS
sample is shown in Figure 2. The sample represents an over-
all OWTS population of 14,300 and encompasses the full
range of topographic and demographic characteristics of

Boulder County. Only OWTS with County-approved per-
mits meeting design regulations were included in the
sample, although approximately one-third of the Boulder

County OWTS, typically older systems, are not permitted.
Thus all of the sample OWTS met regulations regarding
minimum distance to the water table (at the time of installa-

tion), set backs from surface waters, area, and soil
percolation conditions (Boulder County ).

Variable definition

Dependent variable

The frequency of repairs over the period of record from

1979 to 2015 is the fragility measure. While not all repairs
are associated with a complete failure and associated
visible contaminant release, the frequency and the severity
of repairs provide a measure of decrease in system

performance.
Each documented repair is classified into minor, moder-

ate, and major categories, based on a rating system used by

the Boulder County Public Health (BCPH) Department
(Kohler et al. a, b) and recorded for the 225



Figure 2 | Geographic distribution of OWTS in Boulder County, Colorado. Communities west of Boulder are located in the foothills with more-sloped terrains, highest elevation ∼2,500 m,

whereas communities to the east are in the high plains, elevation ∼1,500 m. Elevation change occurs over a distance of approximately 50 km.
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OWTS in the sample. A minor repair is any repair to the
septic tank or lateral pipes. Moderate repairs refer to repla-
cement of the STU. Failure of both the septic tank and STU
constitutes a major repair often requiring replacement of the

entire system. The dependent variable, annual repairs, is the
annual sample frequency of each type of repair. The distri-
bution of each type of repair serves as an indicator of

fragility for the sample population. Failures associated
with minor and moderate repairs exhibit partial losses of
function and lower degrees of fragility, whereas major

repairs result from a near complete loss of performance,
representing the highest degree of fragility. Similar to
Kohler et al. (a, b), the sample consists of only

permitted OWTS to control for compliance with siting,
design, and installation criteria set by the County.

Figure 3 shows the distribution of each category of repair
over the period of record from 1979 to 2015, indicating an

increased repair frequency starting in 2007. Between 2007
and 2008, BCPH reformed their practices regulating OWTS
installation, permitting and maintenance. The county

initiated the EPA Septic Smart programwith a goal to inspect
and approve permits for all OWTS in the County by
December 31, 2023. More important, in 2008, the County
adopted a new regulation, enforcing professional system
assessments, and required repairs at the time of any property
sale (Septic Smart Program ). Based on information from

the County, we resolved that the rise in repairs after 2007,
apparent in Figure 3, reflects increased frequency of reporting
after the County’s initiative to permit systems and add a regu-

lation. The association of this factor with repair severity was
determined earlier (Kohler et al. a, b). Thus for fragi-
lity modeling we use data until 2006, removing the period of

the trend that is mainly a result of policy actions and not cli-
mate related.

Independent variables

Both temperature and precipitation, where precipitation is
defined as both rainfall and snow, have recognized effects

on OWTS performance. Temperature extremes can affect
biological activity, flow and mixing within the primary treat-
ment unit (septic tank or vault) and treatment processes in

the biomat of the STU. For example, when temperatures
are less than 5 WC the bacterial removal rate of Escherichia



Figure 3 | Frequency distribution of minor (a), moderate (b), and major (c) repairs from 1979 to 2015. The dashed vertical line indicates the introduction of Septic Smart and a new

inspection regulation in 2007. Consequently, this study focuses on the frequency of each class of repair in each year from 1979 to 2006.
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coli in the STU has been estimated at less than 20%,
whereas temperatures closer to 20 WC have three times the
removal rate (Morales et al. ). Additionally, Luostarinen
et al. (, ) confirm that low temperature extremes
inhibit upflow anaerobic sludge blanket septic tanks in
removing suspended solids and dissolved organic material.

Precipitation can have a physical and therefore visible
impact from excess hydraulic loading during high rainfall
and snowmelt events above the level set out in design cri-

teria for the STU. Groundwater infiltration and inflow
through inadequately sealed covers can cause septic tank
overflows, resulting in STU clogging as well as physical
damage to the STU (Morales et al. ). A Google search

for ‘rainfall effects on septic systems’ returned 335,000
results, confirming the impact of rainfall and snowmelt on
septic system function. These websites primarily provide

instructions to homeowners on how to diagnose, mitigate
and recover from heavy rainfall events. FloHawks Plumbing
& Septic, Inc., for instance, posted on the implications of

high intensity rainfall and snowmelt events, cautioning
homeowners about septic system use after such events as
well as providing practical measures to mitigate long term

system damage, such as conserving water and limiting
usage during events and diverting rain flows from the STU
(FloHawks Plumbing & Septic ). Less visible impacts
include the reduction of vertical separation distances

between the OWTS and water table as well as increased
transport of nutrients and pathogens through soil.

Annual temperature and precipitation profiles for the

study location were obtained from the National Climatic
Data Center of NOAA (NCDC ). The number of months
with precipitation totals over 10.16 cm (4.0 inches) was
selected to represent prolonged wetter-than-average soil con-
ditions with the associated effects on OWTS failure described

earlier. As a reference, in Boulder County April and May are
typically the wettest months with precipitation totals of
6.22 cm (2.45 inches) and 7.75 cm (3.05 inches), respectively,

from 1948 to 2005 (Desert Research Institute ). Monthly
rainfall totals over 10.16 cm have occurred only 43 times in a
38-year period (a less than 10% probability of occurrence).

The frequency of days with precipitation over 1.2 cm were
included to capture the effects due to severe single rainstorm
events that occur over a shorter period of time and impact the
system through surface runoff.

Annual peak stream flow is selected as another indepen-
dent variable based on its contribution to shallow
groundwater levels through interflow (data from USGS

gage 06730500). Annual peak stream flow is considered a
proxy for increased groundwater levels which can influence
the performance of OWTS reliant on buried storage tanks

and subsurface discharge through unsaturated soil. While
the interaction mechanisms between groundwater and sur-
face water are complex, hydrographs are commonly used

to estimate groundwater recharge either directly or using
water balance models (Mau & Winter ; Sophocleous
; Yeh et al. ). Stream flow, being an integrator of
precipitation, soil moisture and watershed response, is an

excellent indicator for subsurface conditions.
Table 1 lists each variable. The variables coded with ‘_S’

are recorded from April to October to capture rainfall pre-

cipitation versus the annual total, which includes snow
equivalents.



Table 1 | Annual frequency and severity of precipitation and temperature independent variables

Code Explanation

Frequency of temperature extremes DT90 No. of days per year with maximum temperature greater than or equal to 32 WC
(90 WF)

DT00 No. of days per year with minimum temperature less than or equal to �18 WC (0 WF)

Frequency and magnitude of
precipitation

DP05_S No. of days per year with precipitation greater than or equal to 1.2 cm (0.5 in)
(Apr–Oct)

TPCP Total annual precipitation in centimetres (inches)
MR40_S No. of months per year with monthly precipitation totals above 10.16 cm (4.0 inches)

(Apr–Oct)

Surface/groundwater flows PEAK_FL Annual peak flow in m3/s (cubic feet per second)
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Model development

We propose to use a GLM to model the fragility, i.e.
response repair frequency, Y, as a function of hydroclimate
variables identified above. GLMs are finding wide appli-
cation due to their flexibility in modeling non-Gaussian

features and ease of implementation – such as for space–
time weather generation (Verdin et al. ), wastewater
quality modeling and resiliency (Weirich et al. ), and
recently to OWTS repair magnitude (Kohler et al. a,
b).

As the time of introduction of Septic Smart and the

inspection regulation are known, we break the time series
data into two regions – pre- and post-Septic Smart, as men-
tioned above. Assuming the repair reporting requirements

were constant before 2007, we consider the occurrence of
OWTS repairs in each year from 1979 to 2006 for all 225
systems; the response variable Y for all 225 systems is, con-
sequently, an annual count of repairs in a certain class.

In the GLM, the response variable, Y, is allowed to
be a realization from any distribution in the exponential
family.

Y ∼ G(θ) (1)

where G is any exponential type distribution and θ is the set
of parameters that define G. Assuming a Poisson distri-

bution reduces the GLM to a Poisson regression model
with parameter μ (McCullagh & Nelder ). The canoni-
cal link function for the Poisson distribution, the log link,

is as follows:

Log μð Þ ¼ α þ βX (2)

where μ is the expected value of Y, E(Y). The log of μ is a

linear function of the explanatory variable(s), X, and a
random component α. Consequently, μ is the product of
the exponential functions of α and the product(s) βX.

μ ¼ eαþβX ¼ eαeβX (3)

The residuals are defined as:

] ¼ Y � E(Y) (4)

where Є is the set of model residuals. These are assumed to

be normally distributed and uncorrelated as with a standard
linear regression (McCullagh & Nelder ). E(Y) is the
expected value of the Y determined from the model.

The Akaike Information Criterion (AIC) selects a best
model by considering all the possible subsets of the indepen-
dent variables from the fit model. We have applied GLM

models for all potential combinations of the variables
shown in Table 1. The best performing model was selected
using both a forward and backward fitting procedure,

known as a stepwise comparision that selects the best fit
by minimizing AIC. AIC minimizes the log-likelihood with
a penalty for the number of model parameters (Akaike ).
RESULTS AND DISCUSSION

It can be seen from Table 2 that the expected number of

repairs in a given year in each category is modulated by a
combination of precipitation, temperature and precipi-
tation-related attributes, namely the frequency of extreme
temperatures (days over 32 WC), incidences of wet months

(months with rainfall totals over 10.16 cm) and the magni-
tude of peak flows in Boulder Creek. Table 2 highlights
the significant variables at 90% for each category of repair.

Given the log link function, a unit change in x has a mul-
tiplicative effect on μ (Agresti ). For ease of



Table 2 | Significant model coefficients

R2

Minor Moderate Major

0.38 0.53 0.70

α eα p α eα p α eα p

Intercept �1.862 0.155 0.008 �0.932 0.394 0.074

β eβ p β eβ p β eβ p

DT90 0.047 1.048 0.007

DT00

TPCP

DP05_S

MR40_S 0.527 1.694 0.025

PEAK_FL 0.001 1.001 0.056 �0.001 0.999 0.022

R2 is a statistical measure of how close the data are to the fitted regression and p indicates the level of significance of each independent variable in describing the Poisson parameter, μ.

p-values less that 0.01 indicate variables that are significant at 90%
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interpretation we included eβ in Table 2. Where eβ >1, the
variable increases the expectation of Y, and where eβ <1,

it decreases the expectation. If eβ is close or equal to 1,
this means that the expected outcome is not related to the
covariate, x.

For instance, for minor repairs, a unit increase in the

number of days with temperatures exceeding 32 WC increases
the expectation or mean number of repairs in a given year by
a factor of 1.048. Therefore, the expectation of minor OWTS

function losses can be described as:

μminor ¼ e�1:862�e0:047xDT90 (5)

High temperatures have been found to increase diges-
tion during warmer months due to ‘spring turnover’

increasing both the amount of solids accumulation in the
tank as well as the amount that leaves the tank due to
interrupted settling (D’Amato ). While solids increase

in warmer temperatures, settling and solids removal
decrease often due to gas eruption during increased diges-
tion (D’Amato ). Water-demanding activities, which

often increase seasonally, can overwhelm septic tanks
and increase the amount of solids entering the STU
(Crites & Tchobanoglous ). Temperature extremes
may not directly affect the integrity of the primary treat-

ment unit; however, the physical consequences of
temperature on septic tank processes, leading to clogging
and/or solids overflow, often require maintenance services

(D’Amato ). Furthermore, service providers typically
assess the integrity of the system upon their visit, which
may explain the correlation between minor repairs and
temperature in that more damage is identified during

these periods — tank and/or sewer damages that would
have potentially gone unnoticed.

Moderate loss of performance seems to be associated
with one variable, peak stream flow (PEAK_FL), which is

an indicator of surface and subsurface moisture conditions
through interflow. The GLM expectation of moderate func-
tion losses is:

μmoderate ¼ e�0:932�e0:001�PEAK FL (6)

The influence of flow on moderate fragility is relatively

small. Since eβ is nearly 1, this indicates that, in fact, the cov-
ariate has little influence on the expected number of
moderate repairs in a year. Only when the peak flow is sub-

stantially high would we see an effect on expected repair.
This is a reasonable relationship, given that the highest
flows would influence the groundwater table level and in
turn compromise performance of the STU. Surface runoff

related to a high annual peak flow event may also influence
the performance of the secondary treatment unit. This
relationship is illustrated in Figure 4(b).

The highest degree of fragility – represented by major
repairs – is associated with two variables, the occurrence
of wet months, MR40_S, and PEAK_FL. The variables

describe the expected number of major repairs in each
year as:

μmajor ¼ e0:527�MR40 S�e�0:001�PEAK FL (7)



Figure 4 | Dependency of observed repair frequency on significant hydroclimate variables. (a) Minor repair frequency related to the number of days over 32
W

C in a year. (b) Moderate repair

frequency given increased annual peak flow. (c) Major repair frequency related to number of months in a year with totals over 10.16 cm.
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A unit increase in the number of months with rainfall

exceeding 10.16 cm increases the mean number of repairs
in a given year by 1.694¼ exp(0.527), where a unit increase
in the peak flow of Boulder Creek dampens the expected

repair frequency by a factor of 0.999¼ exp(�0.0001), indi-
cating that peak flow has little effect on the expected
mean number of repairs. In extremely wet months, saturated

soil conditions impact infiltration of septic tank effluent.
Figure 4 illustrates the relationships between the covari-

ates identified as having the strongest influence on the

frequency of each class of repair in a given year and the
observed frequency of each repair type. The frequency of
each repair type increases as the covariate increases, sup-
porting the coefficient estimates output by the GLM

analysis.
Figure 5(a) specifically shows the total precipitation

each month from 1979 to 2006 and the 10.16-cm threshold.

The most significant association of OWTS fragility and
weather was with systems requiring major repairs, typically
equivalent to replacement, and suggests that OWTS are

especially vulnerable to an extended period (month) of
higher than normal precipitation. Figure 5(b) is a time
series of the observed major repairs representing the near
complete loss of OWTS performance in each year and the

expected major repairs predicted by the GLM. In years
with at least 1 month where rain exceeded 10.16 cm,
OWTS failures occur also at a higher frequency. Over the
27-year period, considering only April to October for rainfall

events, 23 months (of 189 months) surpassed 10.16 cm.
Figure 4 shows that OWTS fragility is associated with fre-
quency of high rainfall months (e.g. 1995 was a wet year

and high monthly rainfall conditions account for three of
the five reported OWTS failures that year.

Figure 6 has the observed number of each class of

repair (x-axis) versus the predicted number (y-axis). The
dashed line indicates perfect agreement between the
observed and the model calculated values. The GLM

model of expected repair frequency, μ, in each category
as a function of weather-related covariates accounts for
approximately 38%, 53% and 70% of the variability in
the number of minor, moderate and major repairs, respect-

ively, from 1979 to 2006.
While hydroclimate-related variables capture a signifi-

cant portion of the variability of repairs year to year, other

variables such as OWTS user-operational variables ident-
ified previously by Kohler et al. (a, b) also
influence the observed variability. Researchers have

suggested advanced design strategies for mitigating cli-
mate-related vulnerability such as elevated or ‘mound’
systems and replacement of native soil with engineered
materials in STUs (California Wastewater Training and

Research Center & USEPA ; Miles et al. ). We did
not distinguish between design characteristics of the
OWTS in the sample, although these also may account for



Figure 5 | Monthly rainfall totals from 1979 to 2006 (a). Observed major repairs over that same period and expected repairs as determined by the GLM, indicating major fragility (b).

Figure 6 | Observed versus predicted plots for the minor (a), moderate (b) and major (c) repairs (fragility) models.
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a portion of the observed variability in sample fragility,

especially in relationship to moderate repairs. The GLM
results suggest that weather exerts a significant influence
on OWTS fragility, measured as the degree to which a

system loses function, represented by increasing magnitude
of required repairs and replacement.
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CONCLUSION

A statistical method based on GLM was developed for mod-

eling the effect of hydroclimate on the degree of OWTS
fragility over a period of uniform regulation of OWTS sys-
tems in Boulder County, Colorado, from 1979 to 2006.
The relationship between the frequency of minor, moderate,

and major repairs and high temperature and precipitation
was evaluated using a GLM where a Poisson distribution
represented the number of repairs in a given year. The

results suggest that variability in the frequency of OWTS
repairs and replacements each year can be attributed, in
part, to weather; particularly, uncharacteristically wet

months with rainfall over 10.16 cm and annual peak
stream flow correlate with the frequency of major repairs
in each year. The principal outcome of this study is a vali-

dated foundation for the relationship between OWTS
performance/failure and weather variability, with impli-
cations for siting, design and vulnerability assessment.
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