





area. Temprano et al. (2006) for residential is rather higher at 2.5 mm. Therefore, the value obtained for this basin
can be justified. Manning’s roughness for impervious area is 0.0135, since the impervious surface characteristics
within this area are concrete/asphalt paving and/or a gravelled surface (Huber et al, 1988). A similar value is also
used by Koppel et al. (20/4) and Chow et al. (2012) in their studies.

Table 7. Goodness of fit runoff quantity simulation

Goodness of | Acceptable Event 1 Event 2 Event 3

fit Indicators range Flow rate | Peak flow | Flowrate | Peak flow | Flowrate | Peak flow

CcC close to 1 0.98 NA 0.87 0.99 0.94 1.00

RE % +10% 4.1 -27.4 5.6 0.6 19.4 21.2

NOF Oto 1 0.3 0.3 0.2 0.1 0.3 0.2

NSC close to 1 1.0 NA 0.6 0.8 0.7 0.3
Table 8. Goodness of fit for quality simulation

Goodness of Acceptable Event 2 Event 3 Event 2 Event 3

fit Indicators range TSS | Peak TSS | TSS [ Peak TSS | TP [ Peak TP | TP [ Peak TP

cC close to 1 0.8 0.8 0.4 -1.0 0.9 1.0 0.9 0.9

RE % +10% -1.12 -14.5 43 -13.4 -33.0 -15.6 11.0 -7.9

NOF Oto1 0.4 0.3 0.3 0.3 0.5 0.2 0.2 0.1

NSC close to 1 0.7 -48.8 -0.5 -1.0 0.4 0.4 0.7 0.5
Table 9. Calibrated values of input parameters for simulating runoff quantity

Parameters Range (Reference) Calibrated values

% Imp factor +10 % 0.9

W factor +10 % 1

Dimp 0.3 to 2.3 (Huber et al, 1988) 0.7

Dyper 2.5t0 5.1 (Huber et al, 1988) 3

Nimp 0.01 to 0.03 (Wanielista et al, 1997) 0.0135

Nper 0.02 to 0.45 (Huber et al, 1988) 0.2

Maximum Infiltration, mm/hr 50 to 200 (Bedient & Huber, 1988) 50

Minimum Infiltration, mm/hr 0.5 to 12 (Nazahiyah et al, 2007) 0.5

decay constant, L/hr 0.000389 to 0.0039 L/s i.e. 1.4 to 14 L/hr 4

(Nazahiyah et al, 2007)

Build up and wash-off parameters determine the amount of pollutant discharged to drains. The more impervious the
area, the more wash-off coefficients were found. Build up is slightly higher in commercial area than residential and
industrial has slightly higher than commercial area (Table 10). The analysis is different in the aspect of land use
separation from other previous studies listed in Table 10. In this study, roads and roofs were separated to investigate
their effect on build-up and wash-off components. Wash-off coefficients for DCIA roads and roofs are higher than
DNCIA, which indicate that they are crucial for pollutant load. Maximum build ups (build up coefficients) are
relatively small compared to findings by Temprano et al. (2006) and Hood et al. (2007) and the model fits values
similar to the findings of Chow et al. (20/2), suggesting that there are cleaning activities on the basin upstream.
Street cleaning is active in the basin as it is one of the action plans of the stormwater strategy in Tallinn (R77, 2012).
In the model, the cleaning efficiency used is 30 to 50 % for TSS and up to 90 % for TP in DCIA roads at an interval
of 7 to 14 days.



Table 10. Calibrated build-up and wash-off input parameters

TP TSS
Land use Build up Build up Wash off | Wash off | Buildup | Buildup | Wash off | Wash off
Coeff Exponent Coeff Exponent | Coeff | Exponent Coeff Exponent
This study
R 0.2 0.02 0.2 0.7 3 0.8 0.3 1.5
Mixed R and C 0.2 0.03 0.3 1 3 0.75 0.3 1.2
I 0.25 0.016 0.5 1.2 10 0.7 0.5 1.5
R Roof
[ DCIA, DNCIA] [0.2,0.2] [0.03,0.02] [0.2,0.2] [0.8,1.4] [3,3] [0.8,0.8] [ggi’ [1.5,1.5]
C Roof

[ DCIA, DNCIA] [0.2,0.2] [0.03,0.03] [0.5,0.2] [1.2,1.2] [10,10] [0.8,0.8] [0.6,0.2] [1.5,1.5]
Road

[DCIA, DNCIA]  [0.4,03]  [0.08,0.04] [05,02] [0.7,1.2] [10,10] [0.8,0.8] [0.6,0.2] [1.5,1.]

Other studies
Temprano et al.

(2006), Spain- R 46 0.3 0.13 1.2 46 0.3 0.13 1.2
Hood et al. (2007),

Estonia - Mixed 0.25 0.0025 500 2.35 25 1 4.9 1.57
urban

Chow et al. (2012), [0.3,0.5, [0.05, 0.1, [0.41, [1.46, 1, [3, 13, [0.8,0.8, [0.2,1.4, [14,009,
Malaysia [R, C, ] 0.3] 0.16] 0.4,0.8] 1.08] 15] 0.7] 3] 0.6]
Koppel et al. (2014) 02 .

Estonia- C and road

Table 11. Verification of quantity quality performance

Rain Events Verification Observed Simulated RE % Observed simulated RE %
(mm) Parameter

Volume (1073 Itr) Peak flow (LPS)
21.07 08/06/2014 Runoff 7443.9 6999.1 6.0 910.0 839.3 7.8
43 06/11/2014 Runoff 12597.7 13372.2 -6.1 736.7 761.3 -33
53.4 21/05/2015 Runoff 17031.1 17612.1 -3.4 807.0 888.6 -10.1
12.4 06/08/2015 Runoff 6118.2 6705.4 -9.6 230.1 255.4 -11.0

load (kg) Peak flow (mg/l)

12.4 06/08/2015 TSS 273.54 246.92 9.7 111.5 83.4 252
12.4 06/08/2015 TP 1.540 2.376 -54.3 0.5 0.8 -41.5

The four storm events: 08/06/2014, 06/11/2014, 21/05/2015 and 06/08/2015 were used for model verification.
Evaluation was performed by comparing observed/simulated runoff volume and peak flow for quantity and
observed/simulated event load and peak load for TSS and TP using their relative RE (

Table 11). The storm events for this verification have few observations and are not suitable for use with other
indicators. A single event of 06/0/2015 was recorded to verify the quality performance. RE% for volume is between
+ 10 % in a range of -9.6 to 6 % and peak flow is nearly + 10 % in a range of -11.0 % to 7.8 %, indicating that the
model can sufficiently predict stormwater runoff. However, the quality prediction is moderate for TSS and weak for
TP having RE% beyond + 10 %. Therefore, the verification results also suggest that it needs more events of quality
observations to calibrate and verify the quality performance. Leecaster et al.(2002) proposed 7 storms or ~50% of
the storms to get annual concentration within 10% uncertainty where as Bertrand-Krajewski (2007) recommended at
least 10 storms to calibrate regression models with smaller confidence interval. The higher the number of storms if
captured and calibrated, the lesser the model error can be expected.



Stormwater pollution load- TSS and TP output

The simulated event based concentrations and loads are presented in Table 12 and in Fig. 3. For the three events,
EMC:s for TSS are 33.6, 50.3 and 69.1 mg/l; EMCs for TP are 0.5, 0.5 and 0.7 mg/l; and mean runoft are 229.8,
187.6 and 422.6 1/s. The total volume of runoff is 16.0 to 20.0 million litres (ML). EMCs of TSS in event 2 and
event 3 exceed the national stormwater limiting value of 40 mg/l (R71, 2013a). The literature review by Gobel et al.
(Gobel et al, 2007) showed EMCs variation is large and depends on urban forms or land uses. TSSs in their study
were in the range of 0.2 to 937 mg/l where roofs (13—120 mg/l) and high-density traffic areas (99—937 mg/l) have
high TSS discharges. TPs were in the range of 0.01 to 0.5 mg/l, where the range of 0.06— 0.5 mg/l was from roofs
and 0.23—0.34 mg/l from traffic areas. In the city of Poland, the study in five small catchments with a total size of
116 hectares showed that the concentration of suspended solids varied in the range of 1.8 to 736 mg /1 ( mean ~31
mg/l) (Baratkiewicz et al, 2014). Compared to Estonian regulations, TPs in this study were below the national
stormwater limit value of 1 mg/l (R71, 2013a) and in poor status of river quality levels being greater than class IV
limit (i.e. 0.1 mg/l in annex 4, Regulation No. 59)(R7/, 2010). The study of three stormwater catchments in Paris
resulted in the total phosphorus content range of 0.3—3.52 mg/l (Zgheib et al, 2012) and in the Polish city, the total
phosphorus content varied from 0.02 to 0.57 mg/l (mean ~ 0.17 mg / 1) (Baratkiewicz et al, 2014). The EMC results
of the Mustoja basin fell in the range provided by different studies, though TPs simulated are higher than the usual
range. The illegal discharge of sewerage system can be suspected in the basin, which probably attributed to higher
TPs. The peak concentrations were higher, ~3 to7 times the national TSS limits and 1.4 to 2.7 times the national TP
limits.

The effect on runoff is observed for up to 19.7 hrs for event 1 where the single rainfall occurred. The baseflow in
this event has a higher influence on increasing the volume of runoff (Fig. 3), approximately 67 % of total runoff.
Therefore, the duration of runoft is crucial when estimating event total volume. The stormflow volume showed the
increasing tendency proportional to total rainfall whereas stormflow mass load is likely to increase in proportion to
rainfall intensity. In all three events, stormflow is more polluted than baseflow at nearly 90 % of total load for TSS
and TP, which do not respond to the volume of runoff whether higher or lower than baseflow.

Table 12. Event based runoff and concentrations

Rain Run(?ff Total Flow Event flow Event TSS loading Event TP loading
Events (mm) duration Volume Mean Peak EMC Peak EMC Peak
(hr) (1076 1tr) | (LPS) | (LPS) | (mg/l) (mg/l) (mg/l) (mg/l)
Event 1 5.1 19.7 16.3 229.8  1,3049  33.6 288.9 0.5 2.7
Event 2 6.2 23.7 16.0 187.6  452.1 50.3 170.9 0.5 1.2
Event 3 9.7 132 20.0 4226 9150 69.1 119.2 0.7 1.4

When simulating continuous rainfall for the years 2014 and 2015, the evaporation loss was also considered
according to the daily average temperature obtained from Harku station. Water from the surface is continuously
vaporised during the dry period. Annual evaporation was estimated as 0.6 ML (0.014 %) in both years. The annual
outfall loadings are found to be 97.8 tons TSS, 1.5 tons TP from 4400 ML of runoff in 2014 and 110.7 tons TSS, 1.7
tons TP from 4500 ML of runoff in 2015 (Fig. 4). The simulated SWMM results are compared with the results from
three monitoring programmes. The first one is the monitoring programme during 2012—2014 conducted by Tallinn
University of Technology, the department of environmental engineering (TUT DEE) and AS Tallinna Vesi at the
outlet of the Mustoja basin approximately 500m downstream from the studied outlet. This programme was
commissioned by Tallinn Environmental Board and the samples were taken 6 times per year. The same
methodology was continued in the second monitoring programme but it was conducted by the Estonian, Latvian &
Lithuanian Environment (ELLE) Group in 2015. The third monitoring programme was SA2 conducted by TUT
DEE, which was different in methodology in terms of sampling interval as the samples were taken twice a week.
The total annual runoff was calculated based on daily average flow, and the total annual loads were calculated based
on mean flow and mean concentration (Fig. 4).

In simulation, the system rainfall was the combination of rainfalls from the Tondi 90 and Saarma stations while TTU
DEE , ELLE and SA2 used rainfall from Harku station (Fig. 4). System rainfall is relatively lower than Harku
station by 25 % in 2014 and 11 % in 2015. However, the modelled runoffs exceed the TTU DEE and SA2 runoffs
by some extent. It is nearly 10 % higher than TTU DEE in 2014 and 8 % lower than SA2 in 2015. On the contrary,
ELLE runoff is significantly higher at 54 % than simulated runoff, although the annual rainfall is just 11 % higher.
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One reason could be the method of calculation and another reason could be errors in measured values, which can
make a difference in the annual runoff and loads. In the ELLE measurement, higher measured flow rates and
concentrations have resulted the higher runoff and loads. ELLE TSS is enormously high at about 400 %. However,
TSS from TTU DEE and SA2 are 35 % and 60 % lower than the SWMM results in 2014 and 2015. There are quite
significant differences in TP loads at 60 % between TTU KTI and SWMM, at 59 % between SA2 and SWMM and
43 % between ELLE and SWMM. These deviations can be attributed to the load calculation method and further to
the mean concentration and mean flow because the error in the means could magnify the estimates. Overall, the
modelled runoff and loads are higher than estimations from TTU DEE and SA2, but they are significantly lower
than ELLE measurements.
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Fig. 4. Total annual runoff, average flow rate and total mass

Main contributing impervious surfaces

In the basin, the directly connected impervious area or DCIA was determined to be 26.8 % of the total land use area
(from Table 3), but this amount of impervious area is found to be more effective for the runoff and quality output at
80.1 % for peak flow, 75.1 % for total runoff volume, 70.5 % for TSS and 66.1 % for TP (see in Table 13). The road
area and commercial roof occupy nearly 77 % of the total effective impervious area. It shows that DCIA roads and
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roofs have a higher contribution to the runoff and pollution load, even though the overall runoff coefficient is found
to be less at 0.18. Most of the areas are either pervious or not connected directly to storm drainage. This constitutes
about 73.2 % of the total area.

Table 13. Contribution of DCIA on impervious land use

Events Percentage Max Flow Flow volume TSS TP

(LPS) (1076 1tr) (kg) (kg)
Event 1 % DCIA/EIA 75.4 50.3 66.3 70.6
Event 2 % DCIA/EIA 83.7 89.8 72.8 47.6
Event 3 % DCIA/ETA 81.4 85.3 72.4 80.0
All Events  Average DCIA/EIA 80.1 75.1 70.5 66.1

DCIA: Directly connected impervious area, EIA: Effective impervious area

First flush Effect

It would be interesting to examine the first flush phenomenon in the basin if it exists, in order to control the initial
contaminated portion through isolation or diverting the stormwater from the road or roof surfaces to the treatment
facilities. The presence of the first flush phenomenon was assessed by plotting the cumulative fraction of the
pollutant load against the cumulative fraction of the runoff volume (Bertrand-Krajewski et al, 1998) as in Fig. 5.
The data above the diagonal line indicate higher loading during storm runoff, which suggests the presence of first
flush (Lee et al, 2004). To account for the intensity of the first flush, the pollutant load swept along by the first 30 %
of the volume was measured (Temprano et al, 2006; Nazahiyah et al, 2007). In the figure, four events (event 2 to
event 5) including an additional event during the snow melt period (event 4: 26/01/2016 to 28/01/2016) and one
immediately after the snow melt (event 5: 29/01/2016 to 01/02/2016) were used for TSS and TP. Event 2 and event
3 had no influence from snow melt, as the former had an antecedent dry condition of 12.6 days and the latter had an
antecedent wet condition of ADD 1.5 days. The pollutant loadings are 38 %, 28 %, 50 % and 39 % of total TSS and
45 %, 36 %, 45 % and 33 % of total TP swept by 30 % of runoff volume in events 2, 3, 4 and 5, respectively. The
degree of first flush for event 2 is not high, as it stands at 38 % for TSS and 45 % for TP, but the deviation from the
diagonal line is clear after 40 % of runoff volume. It suggests that the flushing of the pollutant load is higher at a
later stage within the last 60 % of runoff. ADD was almost 13 days for this event but the intensity of the rainfall
played more than ADD, as a similar result is obtained for TP in event 2 but the deviation is less. The first flushes at
initial portion of runoff for events 2, 3 and 5 are not significant. The maximum intensities of rainfall within the 30%
of runoff for these events are identified as small sizes at 0.7 mm/hr, 1.7 mm/hr and 0.9 mm/hr. Instead, the latter
part within the last 60 % of the volume is more important for the pollutant load. Similar findings were suggested by
McCarthy (2009) where they found the first flush at the end of the event. Moreover, in relatively pervious area,
Maestre & Pitt (2005) in their study didnot observed any first flush. However, Lee et al. (2004) suggested that a
seasonal first flush can occur in most of the cases. Our study also showed the snowmelt event has a higher influence
on the first flush at 50 % for TSS and 45 % for TP, indicating the effect of a seasonal first flush. Before event 4,
there was an extensive period of minus temperatures, and pollutant was accumulated with the snow packing that was
washed off after the temperature became positive during this event.

Comparison of loadings from four sampling approaches.

Finally, the sampling approaches are evaluated for the mass estimations, which provide the information for choosing
the appropriate sampling option. Four sampling approaches: time weighted sampling (SA1), random grab sampling
(SA2), grab sampling within 6 hrs irrespective of storm size (SA3) and grab sampling within 6 hrs of medium and
large storms (SA4) were analysed for annual average flow, annual average concentration and annual load. SA3 and
SA4 samples are formed from the data set of SA2 using the recorded time of sampling and rainfall time. Volume
weighted mass load estimation from time weighted sampling is considered as the base load because the estimation
has less error (Leecaster et al, 2002) compared to other sampling approaches. SA2 is a random sampling that does
not respond to the time of corresponding storms. SA3 does not take account of the influencing storm size but is
taken within 6 hrs of the commencement of rain. SA4 is the sampling approach recommended for grab sampling by
Lee et al. (2007) and Khan et al. (2006), in which grab samples were taken within 6 hrs of medium and large storm
events. The volume of total runoff is calculated based on runoff coefficient, catchment area and runoff depth. The
comparison of these four approaches with simulated output is presented in Fig. 6.



£os

—o— Event 3

— ® —Event2

— #- — Event 4 (snow melt)
---k--- Event 5 (after snow melt)
diagonal line

0 0.1 0203040506070809 1

—— Event 3

— ® — Event 2

— 3= — Event4(snow melt)
-=--A--- Event5 (after snowmelt)
diagonal line

Volume fraction

0 010203040506 070809 1

Volume fraction

Fig. 5. First flush phenomenon for TSS and TP

1|EH| E

S I H h;l:EhH

=

Baseflow h
Simulated
weighted

flow-weighted
flow-weighted

flow-weighted

SA1 SA2
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The SA1 sampling method with volume weighted estimation is close to the simulated flow rate and annual loads,
which indicates that time weighted sampling with volume weighted calculation as specified by Leecaster et al.
(2002) provides less error. It is considered as actual load in the analysis of sampling approaches. The uncertainty of
the model in quality estimation has probably built such error and difference in TSS and TP between them. In the
case of flow rates and TSSs obtained from sampling approach SA4, they are close to the estimations from SA1 and
SWMM simulation at around 350 /s and 60 tons/yr, though TPs have double the deviation. Random sampling or
SA2 have often estimated low values, computing less than half flow and 2/3 loads. This is due to the fact that small
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rainfall or baseflows were mainly sampled in this approach. SA3, which is taken irrespective of the storm size and
an usual practice, has all of its mean outputs in the middle range of SA2 and SA4. SA4 with mean estimation, on the
other hand, is nearer to the actual flow, TSS and TP. This approach has limitations in identifying medium and large
storms. It is difficult to predict the storm size before the rainfall ends. Alternatively, SA3 samples can be used to
overcome the limitation after the storm details are retrieved. Therefore, SA3 is practical and a suitable sampling
method, which assists in determining the samples of medium and large storms within 6 hrs after the start of rainfall,
though it requires rainfall information and greater number of samples than SA4.

4. Conclusion and recommendation

The model is developed for the large basin in Tallinn, which was calibrated and verified for the observed storm
events. Additionally, sensitivity analysis for finding sensitive parameters, imperviousness identification, first flush
study to search for possibility to control initial portion of runoff and evaluation of sampling approaches are carried
out and the conclusions are detailed below.

o Sensitivity analysis shows that the model is sensitive to percentage imperviousness for predicting both flow rate
and peak flow. Impervious depression storage regulates the initial peak flow. Impervious surface roughness and
width of catchment have weak connections to the model predictions.

e For the studied large basin, percentage imperviousness is found to be 19.7 % where the runoff coefficients for
different land use varies from 0.05 to 0.57 depending on the proximity of the connection to the drainage system.
The overall imperviousness is relatively low, depicting a large basin with mixed land use, which has a high
impact on reducing runoff coefficient. The average depression storage for dry and wet weather is used and the
effective value is found to be 0.7 mm.

e The duration of runoff is crucial when estimating event total volume. Stormflow volume has an increasing
tendency with total rainfall, whereas stormflow mass load is related to intensity. In the events, pollution is
attributed more to stormflow than baseflow.

e DCIA is an important factor for impervious estimation. Roads and roofs, which are directly connected to storm
drainage, are crucial elements of DCIA and these impervious areas can contribute up to 75 % of runoff and 66 %
to 71 % of load.

e During low intensity of rainfall, the first flush was found to be less effective. The first flush can occur later
during 60 % of the runoff volume. Therefore, the implementation of treatment facilities to control initial runoff
and pollution load may not be effective and more research on the first flush of large basins is required. It is found
that the first flush effect during snowmelt period exists, the impact of which cannot be ignored. It will be
interesting to simulate snowmelt once there are sufficient input parameters and observations.

e The reliable sampling approach at limited resource is grab sampling within 6 hrs of storm events, as these
provide results close to the simulated and time weighed sampling method. This approach should focus to capture
medium and large storm events.

Overall, the model development provides information about catchment’s stormwater dynamics even at limited
resources. The model developed in SWMM has a good performance for quantity estimation, but the quality results
are in moderate accuracy. Calibration and verification using more storm events will increase the accuracy. Its
applicability will increase even during the winter time once it is included with snow period simulation. Nevertheless,
this study has found crucial impervious areas, impervious percentage, runoff, EMCs and pollution loads, and
evaluated the sampling approaches used. The information will be helpful in planning pollution reduction strategies,
implementing pollution control facilities and designing the monitoring programme in the field of stormwater
management.
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Suurlinna valgala dravoolu, veekvaliteedi ja koormuse modelleerimine

Bharat Maharjan*, Karin Pachel, Enn Loigu
Keskkonnatehnika instituut, Tallinna Tehnikaiilikool, Tallinn, Eesti
Email: bharat.maharjan@ttu.ee. Telefon: +372 5568 6906.

Sisukokkuvéte. Sademevee dravoolu, saastekoormuse ja maakasutuse maédratlemine on sademevee kditlemise
strateegia elluviimiseks véga oluline. Modelleerimine vdimaldab hinnata neid niitajaid ka piiratud andmehulga
pdhjal. Kdesolevas uurimuses rakendati sademeveekiitlemise mudelit SWMMS ja arendati seda Tallinna suuruse
valgala tarbeks. Geograafilist informatsiooni siisteemi GIS kasutati alam-valgala ning dravoolu otseselt mdjutavate
vettpidavate pinnakatetega alade piiritlemiseks ja valgala sisendi parameetrite ettevalmistamiseks. Mudelit
kalibreeriti ja kontrolliti juhuslike valingvihmasadude pohjal, et hinnata saasteinete keskmisi kontsentratsioone ja
aastasi koormusi. Mudel vdimaldab piris histi ennustada drajuhtimist vajava sademevee hulka, kuid sademevee
koostist ennustab ainult mdddukal médral. Mudeli rakendamisel leiti, et kdvakattega alade suure osakaalu tdttu
uuritaval valgalal ja&b veepidavus alla 19,7%. Otseselt dravoolule mdju avaldavate vettpidavate pindade, eriti teede
ja katuste, osakaal on suhteliselt madalam, kuid avaldab olulist mdju dravoolu kujunemisele (kuni 75%) ja
koormustele (kuni 66% ja 71%). Valingvihmade ja lumesulamise aegne dravool ja koormus moodustavad olulise
osa aastasest kogukoormusest. Kui rakendatakse pistelist proovivotumetoodikat, peab see olema suunatud
keskmistele ja tugevatele sajuhoogudele ja toimuma 6 tunni jooksul peale saju algust, et saada esinduslikumaid
mddtmistulemusi.
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