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A STUDY OF STORMWATER RUNOFF QUALITY

W.G. Characklis, P.B. Bedient, F.G. Gaudet and F.L. Roe

Department of Environmental Science and Engineering,
Rice University, Houston, Texas 77001, U.S.A,

Abstract

The stornwater from four watersheds in the Houston area
was monitored by an intensive sampling and analytical
program over a three year period. The land use in the
watersheds included undeveloped forest, developing for-
‘est, fully developed residential and mixed commercial-
residential.

Chemical parameters monitored included suspended solids,
oxygen demand, organic carbon, nitrogen, phosphorous,
dissolved oxygen, pH, specific conductance and chlori-
nated hydrocarbons. Indicator and pathogenic bacterial
content were enumerated as well as aguatic and edaphic
algae species. Disinfectant demand and algal biocassays
were also conducted.

Relationships have been developed between stormwater
runoff gquality, guantity and land use in an effort to
predict pollutant loads. The appearance of a "first
flush" is dependent on the parameter measured and the
watershed characteristics. Rainwater guality contri-
butes significantly to stormwater pollutant load, espe~
cially in urbanized areas. The modifying effect of nat-
ural biological processes on nitrogen content in the
runoff and the effects of the hydrological regime on
nutrient limitations has been observed. The effective~
ness of storage lakes, very positive in the case of
suspended solids, has been described. .,

vy

INTRODUCTION

‘Non-point source pollution has become of greater concern due to
increasingly stringent point source effluent standards and rapid
development of urban areas. Urban stormwater runoff is one of
the major non~point pollution sources, and planning agencies find
it necessary to assess its relative importance. Since urban
areas are typified by a variely of land uses, including residen-
tial, commercial and industrial as the broadest categories, deter-
mining effects of land use on stormwater quality is a potentially
useful research direction. Urban watersheds of similar physio-
graphic and drainage characterisitics in the Houston area were
studied to relate runoff quality to land use,
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Simulation models have been developed for management and pre-
diction purposes regarding the effects of land use, drainage
patterns, vegetative cover and storage capacity on quality and
quantity of stormwater runoff. Several specialized models have
been developed for simulating urban stormwater runoff., The
U.S. Environmental Protection Agency has sponsored development
of one such model, the Storm Water Management Model (SWMM).
SWMM was used in two of the watersheds studied to predict hydro-
logic and water quality response. Results have been described
elsewhere (Winslow et al., 1974; Diniz et al., 1975; Diniz et
al., 1976).

This paper deals with the results of a massive sampling pro-
gram of dry and wet weather streamflow, rainfall and lakes in
four watersheds in the Houston area. The land uses included .
undeveloped forest, developing forest, residential, and mixed
commercial-residential. Table 1 lists water quality analyses,
bacterial enumerations and other investigations conducted
regularly. :

SITE DESCRIPTION

Stormwater quality depends on other watershed characteristics
besides land use. Therefore, careful selection of study sites
and/or precise delineation of watershed characteristics is im-
perative to producing results useful for prediction. Factors
essential for source definition and comparison include geo-
graphical, meteorological and demographical information, as well
as traditional land use categorization. Drainage characteris-
tics such as percent impervious cover, watershed area, hydraulic
land slope and type of stormwater drainage system can influence
water quality and quantity.

Careful selection of a watershed can reduce the number of var-
iables necessary to define causal relationships in runoff
quality, therefore homogeneous land use in a watershed may be
considered an advantage. Description of the four sites used in
this study is summarized in Table 2, More detailed data can be
found elsewhere (Characklis et al., 1976). The forest site and
forest site under development are located in Woodlands, Texas,
a planned community which has a projected population of approx-
imately 120,000 by 1990. The Westbury and Hunting Bayou water-
sheds are located in Houston (Fig. 1). Hunting Bayou is a de-

veloped watershed with strong industrial influences and deteri-

orating residential areas. Westbury Square is a middle class
residential area and was chosen because of its homogeneity with
respect to land use.

RESULTS AND DISCUSSION

Dry weather water quality.

Surface water guality within The Woodlands was monitored during
dry periods to establish a baseline which would be useful for
determining (a) the effect of urbanization on the water quallty
at The Woodlands in the future, and (b) immediate comparisons
between runoff quality and baseflow water quality. Sampling




TABLE 1. Water quality parameters and investigation
conducted regularly

Chemical . Biological
Conductance Coliforms, fecal
Dissolved oxygen {DO) total
Carbon, soluble organic (SOC) Fecal streptococci
Nitrogen, ammonia (NH3-N) Pseudomonas sp.

nitrate (NO3-N) Salmonella sp.
nitrite (NO,-N) Staphylococcus sp.,
total Kjeldahl (TKN) Algal bioassays

Oxygen demand, biochemical (BODg)
soluble chemical (SCOD)
total chemical (COD)

PH

Phosphorous, orthophosphate

total phosphorous

Solids, suspended

Turbidity
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’ Fig. 1. Location of study sites.



sites at The Woodlands are indicated .in Fig. 2. 1In the Panther
Branch watershed, dry weather conditions (i.e., constant stream
stage) were normally established in about 4-8 days. The dry
weather data is summarized in Table 3, The headwaters in the
stream system are low in inorganic nutrients but significant
contributions from developing areas increase concentrations
below sampling site P-10. The primary nutrient input is from

the golf course immediately upstream of P-30. The organic mater-
ial consists primarily of relatively non-biodegradable leachate
from decaying forest vegetation. Suspended solids increase dras-
‘tically as the stream passes through developing areas where con-.
struction activity and borrow pits are located.

' Westbury Square watershed has no dry weather flow and Hunting
Bayou is essentially stagnant during dry weather so no results,
are indicated. '

Storm event summary _ _
Data characterizing hydrological, physical, and chemical gqual-
ities of 43 distinct runoff events resulted from 17 selected
rainfall periods with streamflow being sampled simultaneously at
one to four of the sample sites. A summary of hydrological data
for the more significant storms is presented in Table 4. A
summary of physical and chemical water quality data is presented
in Table 5 and includes mass load and flow-weighted mean concen-
tration for each parameter. Mass load refers to the total mass
of constituent passing the sampling point during the event. All
.water quality samples are representative of total streamflow
‘'volume including baseflow. In most cases, runoff equalled total
.streamflow and samples can be considered representative of run-
off. For low runoff events, water guality could be influenced
by baseflow.

‘Rainfall quality. Air guality contributes to water quality
through rainfall or dry fallout, even to the extent of pollu-
tants traveling from industrial or agricultural regions to be
deposited in undeveloped regions. Samples were collected in
Houston and the Woodlands to assess the relative contribution of
rain to surface water guality. Results summarized in Fig. 3
indicate a substantial nutrient and organic load at both sites
and compares the rainfall guality to the runoff quality. The
organic content of Woodlands rainfall has been attributed to
vegetative emissions while Houston air quality is severely
affected by automotive emissions and other industrial activi-
ties.

The data also suggests that NH3~N in rainwater is modified to a
large extent in the forested area by plant metabolism. This
problem is of concern with regard to lake eutrophication pro-
cesses at The Woodlands where phosphorous limits algae growth
during dry weather and nitrogen during wet weather (Ward and
King, 1976). As development continues, rainfall will bring in-
creasing nitrogen to the surface waters causing further lake -
enrichment.

Comparison of runoff to domestic wastewaters. .Table 6 compares
runoff quality to treated and untreated domestic wastewater.
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. ¥Pig, 3. Comparison of rainwater and runoff quality for
an urban and forest watershed.
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Runoff is significantly more dilute than untreated wastes ex-
cept for suspended solids at P-30, reflecting the intense con-
struction activity during the study period. - Advanced treatment
can reduce organic and solids content below that in runoff but
nutrients still remain higher. Samples of untreated and chlori-
nated secondary wastewater were obtained from two Houston sewage
plants for bacteriological examination. The data obtained is
compared to the bacteriological data from stormwater runoff in
Table 7. Urban stormwater contributes more microorganisms than
chlorinated secondary effluent. ' : '

Temporal variations in runoff quality -
A pollutograph is a plot of "pollutant" concentration as a func-
tion of time during a storm event. Temporal variations of this
type are important since they may significantly influence the
impact of stormwater runoff and, consequently, methods to con-,
trol the adverse effects on receiving waters. Five generalized
patterns emerged in this study (Fig. 4). '

"First flush" (Fig. 4a) was observed most frequently in the ur-
ban watersheds with suspended solids and nutrients (N and P com-
pounds). Harned (1977) has used dimensionless cumulative analy-
sis (Marsalek, 1976) to demonstrate the magnitude of the first
flush in the watersheds. Figure 5 compares suspended solids
runoff characteristics from P-10, P-30 and Hunting Bayou and
indicates the effect of intense construction activity at P-30.

Specific conductance in the baseflow at P-10 is high and storm-
.water inflow provides dilution as indicated by Fig. 4b. An
analysis of nitrate at P-10 and P-30 indicates dilution effect
~at P-10 and first flush effect at P-30 caused by intensive ferti-
lization of an adjacent golf course. The dilution pattern also
exists for many parameters in urban streams where wastewater,
_treated or untreated, comprises the greater part of the baseflow.

Organic content (SOC and COD) generally increased as runoff pro-
gressed (Fig. 4c) at P-10 and P-30. -Streamflow contributions -
from interstitial water and bank storage flow is greatest late

in runoff and could account for the pattern when enriched by
contact with soils serving as an organic carbon source, such as
those in the pine forest region. Increased reaeration at

greater stream flows accounts for a pollutograph which is congru-
ent with the hydrograph (Fig. 4d)., = L el
In the undeveloped forest watershed (P-10), several parameters
(including pH, NH3-N, NOp-N and solubled COD) remained rela-
tively constant throughout the storm event. This pattern was-
not routinely observed in the other watersheds where drastic
alterations in land use have occurred.

Effect of land use on runoff quality , R

Total load of various pollutants {lbs/acre) was plotted against
total runoff {inches) for all storm events and watersheds. Re-
gression lines and associated correlation coefficients are shown
in FPigs. 6 and 7 for several parameters. Correlation coeffi-.
cients are generally greater than 0.9 with a few unsatisfactory
cases. - The urban watersheds produce higher pollutant loads in
almost every parameter. Suspended solids produce one exception
explainable by the construction activity at P-30., Organic con-
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Pig. 6. Load-runoff relationships for suspended solids

and total COD as related to the watersheds
studies {r is the correlation coefficient).
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centrations are also higher in the forested watersheds because
of leachate from vegetation and the absence of wastewater in

the urban streams.

One 1mportant characteristic of the watersheds is percent im-
perv1ousness which has been used by others (Dannenbaum Engi-
neering Corp. and Espey-Huston and Assoc., 1977) to determine
predictive models. Figure 8 indicates the load-runoff relation-
ships for ten watersheds including the ones of major concern in
this paper. The slopes of these lines have units of concentra-
tion and represent the "average concentration" of the parameter
in the runoff from the respective watershed. Figure 9 indi-
cates the relationship of this "average concentration" to per-
cent impervious area in the watershed. Although correlation is
not high, results do indicate that percent impervious area is an
important variable to consider in any predictive model. i

Davis et al., 1977, produced a potentially useful comparison be-
tween watersheds with respect to bacterlologlcal content through
the use of the fecal coliform~fecal streptococci ratio (FC/FS).
FC/FSZ 4 suggests the presence of human wastes, FC/FS between 2
and 4 human wastes mixed with other sources and FC/FS below 0.7
a predominance of warm~blooded animal waste other than human.
Log (mean FC) for storm events, dry weather flow. and domestic
wastewater is plotted agalnst log(mean FS) in Fig. 10. FC and
FS numbers are greater in Woodlands stormwater than in the dry
weather flow of Panther Branch, however the FC/FS remained con-
. stant. The Westbury stormwater data indicated similar ratios.
‘Samples from Lakes A and B, which impound water in the P-30
watershed, display significantly lower FC/FS indicating a possi-
ble benef1c1al effect from storage. No significant difference
could be detected between chlorinated wastewater and runoff ex-
cept at Lakes A and B where bacteriological water quality was

" better.

Impoundment of stormwater runoff
The man-made lake systems at The Woodlands will serve as recrea-
tion centers, wildlife preserves, irrigation, and storage for
stormwater runoff. The Lake Harrison system, consisting of two
lakes (A and B) separated by a six ft. waterfall, was monitored
durlng this study. To implement a continuous flow over the con-
necting waterfall, the smaller, upstream lake (B) is constant
volume. In dry weather there is no streamflow into the’ lakes and
the water level in Lake B is maintained by recirculating water
from the lower lake, Lake A, or by the inflow of tertiary treated
wastewater. When the watershed is fully developed, wastewater
"flow will be approximately 6 m.g.d. and recirculation will be
unnecessary. During wet weather, Lake B receives stormwater run-
off and serves as a sedimentation basin for the 337 acre water-
shed. Lake A is a variable volume lake to be used for non-
gontact recreation. Lake discharge is controlled by an outlet
OX.,

For a year of average rainfall, The Woodlands Wastewater Reclama-
tion Plant will comprise 75% of the flow through the lake system.
Design effluent quality for the plant is indicated in Table 6 and
suggests that the lakes will contain relatively clear waters with
elevated nutrient levels compared to the dry weather surface
quality existing presently. Lake detention time during dry wea-
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ther will be approximately six days when the treatment plant is
at full capacity. The lake system is shown in Fig. 2,

Effect on water quality. Table B8 compares flow weighted mean
and maximum concentrations for runoff entering and leaving Lake
Harrison during the storm of April 8, 1975. Results indicate
that the effluent was nutrient enriched compared to the influent
despite the absence of wastewater inflow. Three possibilities
exist:

1} Unmeasured runoff from the fertilized area adjacent'

to the lakes
2) Direct precipitation
3) Quality of the water impounded in the lakes prior
to the storm event. .
A first flush was evident during storm events and therefore, (3)
seems to be the logical reason.

The lakes have proven very effective in minimizing the release
of sediment eroded from construction occurring in the watershed.
A good illustrative example is afforded by a storm that occurred
on April 8, 1975. The suspended solids pollutograph for inflow
and outflow is presented in Fig., 11 and indicates a reduction in
the maximum concentration from 2660 mg/l to 356 mg/l. The total
load was reduced from 160 tons to 31 tons, an 80% reduction in
solids. The reduction in lake volume was less than 0.1% if the
solids compact to 80 1b/ft3. Therefore, the lakes are effective
in reducing the solids load that enters Panther Branch. This
trend in sediment removal was also observed for several other
.8torm events.

CONCLUSIONS

Final results from the three-year stormwater study at The
Woodlands yielded significant relationships between stormwater
quality and land use, runoff quantity, storage capacity, and
rainfall intensity. Temporal variations in runoff quality were
observed to follow five generalized patterns., The imperviousness

factor of land use was found to be most important for determining

pellutant loads. Lake storage was found to be very effective in
controlling sediment discharge. L ) cilt o
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TABLE 8. Summary of water qﬁality parameters for sites
Lake A and Lake B during the April 8, 1975
gtorm event. '

QUIFLOW INFLOW

_ Lake A Lake B

Drainage Area (acres) 483 337
Runoff Volume (ac/ft) . 93.4 93.2
Rainfall (inches} 3.97 3.97
Concentration of Water

Quality Parameters¥*

Avg. Max., . Avg. Max.

Ortho=-phosphate 0.015 0,048 0.005 0.013
Total Phosphorcus 0.10 0.1% ¢.11 0.36
Ammonia 0.16 0.26 0.11 0.15
Ritrite 0.032 0.046 0.009 0.054
Nitrate 7 0.28 0.32 0.15 2.1
Total RKjeldahl

Nitrogen ‘1.3 2. 1.86 3.1
Suspended Solids 245, 356. 1273, 2660.
Soluble Org. Carbon 13.8 19. 16.2 22.
Total COD - 4l.8 45, 63.7 87,
Soluble COD . 26.4 al. 32. . 45,
Specific Conduc-

tance {micromhos) 130. .215. a5. 304.

Turbidity (JTU) 160. 210. 375, 9040.

* All concentrations in mg/l except where indicated.
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