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Evaluation of Statistical Methods for Estimating
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ABSTRACT

In this study, it was aimed to investigate the applicability of various statistical estimation
methods for the Porsuk River basin, which has sparse streamflow observations. Estimations
were performed using regression analysis (REG), the single donor station based drainage area
ratio (DAR), the multiple donor stations based drainage area ratio (MDAR), standardization
with mean (SM), standardization with mean and standard deviation (SMS), inverse distance
weighted (IDW) methods. Two separate studies were conducted for both partially missing
data and completely missing data. In order to estimate streamflow statistics for use in SM
and SMS methods, logarithmic regression equations were suggested. The promising results
obtained from ensemble approaches will provide a significant hydrological contribution to
streamflow estimations.

Keywords: Missing data, Porsuk River basin, regression, streamflow estimation.

1. INTRODUCTION

Nowadays, estimation of missing streamflow data for gauged basins (partially missing data)
or estimation of streamflow for ungauged basins (completely missing data) is a popular
subject that has been researched extensively in hydrological studies because researchers need
reliable data to make accurate analyzes [1,2]. In many basin-based studies, there are several
reasons for missing data in historical records of meteorological data (precipitation,
temperature, evaporation, snow etc.) and hydrological data (streamflow) provided by
different institutions. The missing data due to various reasons such as station failures,
transportation, and climatic difficulties, human-induced effects etc., creates significant
problems in terms of effective water resources planning and management [3]. Especially in
developing countries or regions such as Turkey, recorded data of natural events are limited.
With these limited values, it is too difficult to reliably determine the hydrological behavior
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of a particular basin. There are significant problems of missing data in most river basins of
Turkey. This case is one of the biggest challenges faced by scientists working on streamflow
estimation in Turkey [4].

A station for which streamflow data is missing is called the target station and a station used
to estimate the missing data is called the donor station. Selection of donor stations that are
most likely to be hydrologically similar is the most critical step for a good streamflow
estimation because their data will be used to estimate the missing values. The donor station
is usually chosen as the nearest station for estimating missing values at the target stations. In
other words, the distance is the main selection criterion for donor streamflow station
selection. Choosing the nearest streamflow station as the donor streamflow station is
preferred in widespread practice, but acceptance of the distance as the primary donor
streamflow station selection criterion may not always be correct. Although the distance is
currently used as the selection criterion for selecting a donor station, it may be possible to
obtain better results by using the most correlated station as the donor station for estimation
of target stations [4]. On the other hand, the use of multiple donor stations can provide
improved streamflow estimation instead of using a single donor station [1,5].

Many statistical modeling methods require complete and uninterrupted data. In case of
missing data, statistical analyses do not provide confidence. Various methods are used to
estimate the missing data (partially or completely) using data from the donor station in
hydrology sciences. The most common methods for estimating missing data are single and
multiple regression analysis [6], interpolation such as kriging and inverse distance weighted
(IDW) [7], time series analysis [8, 9], artificial neural networks [10,11]. Flow duration
curves, which show the percentage of time that a specific streamflow is equaled or exceeded
during a given period, can also be used for estimating missing data [5,12]. Moreover,
algorithms such as expectation maximization and nearest neighbors in statistical software
packages can be used to estimate missing data [13]. In addition, if there is missing data at the
gauging station (partially missing data), the missing data can be replaced easily using the
mean imputation method (the mean of the recorded data of the target station). Obviously, this
method may not provide good representation [14]. Without depending on only one method,
estimating missing data with as many different methods as possible and using the best
method compared with others are of great importance.

Drainage area ratio (DAR) method is the most commonly preferred method to estimate
streamflow for target stations where streamflow data are not available using data from a
single donor station [15,16,17,18]. The multiple donor stations based DAR (MDAR) method
was developed by Shu and Ouarda [1]. MDAR produces the streamflow estimations for a
target station as the weighted average of the estimations from more donor stations. Their
estimation performance was improved by a weighted combination of donor stations [1]. IDW
interpolation method, which is a variant of the DAR method, is a widely used method for the
estimation of missing data in hydrology [7,19]. In the DAR method, streamflow values are
transferred from a single donor station to the target station. However, the IDW method is
used for direct streamflow transfer to the target station from multiple donor stations. The
estimation performance was improved significantly by expanding the DAR method to
consider multiple donor stations [7]. Standardization by the mean streamflow (SM) [20] and
maintenance of variance extension method introduced by Hirsch [15], which Farmer and
Vogel [20] termed standardization with mean and standard deviation (SMS) are common in
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hydrology. These methods are used for estimation of streamflow time series for ungauged
basins or gauged basins which have missing data. Regional regression models were
developed by Farmer and Vogel [20] to estimate streamflow statistics for use in SM and SMS
methods as a function of drainage area and some meteorological parameters. Hirsch [15]
showed the suggested method, called the SMS method, has better performance than the DAR,
but Farmer and Vogel [20] revealed that both the SM and the SMS methods may not always
be superior to the DAR method. Although different methods are used to estimate the missing
data, the correlation between the stations should be considered [21]. Thus, a comparison is
made between more stations instead of a single station to act as a target station.

In this study, various statistical estimation methods were evaluated for estimating missing
daily streamflow data at the selected stations located in the Porsuk River basin. Missing data
estimation was applied in two ways as partially missing data and completely missing data
(ungauged). First, the missing data at each station was completed with one of the linear and
nonlinear regression analysis, DAR, SM and SMS methods (adapted to daily streamflows)
according to the performance approach described in the application section. Secondly, DAR,
SM, SMS, MDAR and IDW methods were applied to estimate completely missing data of
stations. These methods used were preferred to methods such as the artificial intelligence
methods because: (1) they do not require much data and (2) they are relatively simple to apply
and (3) they are robust and effective methods. There were significant statistical difficulties
in both applying and evaluating the methods. One of the biggest challenges of the study was
low water potential and a large amount of missing daily data. Another difficulty was that all
missing data at the target station could not be completed with the best donor station and
another donor station was required.

In order to reduce the uncertainties in individual methods, two of the methods used were
weighted according to their relative performance as measured by Nash-Sutcliffe efficiency
(NSE) and then combined to obtain the recommended ensemble estimates for each station.
The all possible pairwise combinations of the methods are used to employ ensemble
approaches for each target station in the study. The performance of these ensemble
approaches was compared with individual methods. Statistical parameters (mean and
standard deviation) used in the SM and SMS methods were calculated by suggested
regression equations based on logarithmic relationships between statistical parameters and
drainage area. These regression relationships were obtained for each target station using data
from all other stations. A method for estimating missing data should conserve streamflow
characteristics such as mean, standard deviation, skewness coefficient. For this purpose, after
the missing data for each station are replaced with estimated values, statistical characteristics
between long-term completed data and long-term original data were compared. Thus, it was
examined whether the statistical structure of the dataset was preserved after the completion
process. In addition, it was determined whether there was a difference in the statistical
characteristics by comparing the significant percentiles of the flow duration curves of the
observed and the estimated dataset.

The objectives of this research are (1) to investigate the use of applied methods for estimating
missing daily streamflows for such a difficult basin and (2) to improve the estimation
performance of the methods by identifying the most appropriate donor stations and (3) to
obtain ensemble approaches that provide more efficient results compared to individual
methods.
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2. STUDY AREA

Porsuk River basin located in the northwestern part of the Central Anatolia Region of Turkey
was selected as the study area (Figure 1). This basin lies between north latitudes of 38°44' to
39°99' and east longitudes of 29°38' to 31°59'. Porsuk River basin is a sub-basin of the
Sakarya basin and has a drainage area of about 11000 km?. It is one of the most economically
important basins. Almost half of the land in the Porsuk River basin is devoted to agricultural
activities, and forests and meadows constitute the other half. Residential and industrial areas
account for only about 5% of the total basin area. The extensive and intensive agricultural
activities are due to the high fertility of the soil. Most of the basin has a typical continental
climate, with hot and dry summers and cold and semi-humid winters. Porsuk River with a
length of 460 km is one of the longest tributaries of Sakarya River. The river originates at the
Murat Mountain and flows in an easterly direction until its confluence with the Sakarya
River. Sakarya River with a length of 824 km is the third longest river in Turkey and flows
into the Black Sea. The long-term average annual precipitation for the whole basin is
approximately 450 mm. Thus, the water potential of the basin is slightly lower than Turkey's
long-term (1970-2010) average annual precipitation of 643 mm [22].

Figure 1 - Location map of Porsuk River basin in Turkey

3. DATA

Daily streamflow data used in this study were provided from the State Hydraulic Works (DSI)
of Turkey. Some details of the stations and the statistical characteristics of the streamflow
data considered in this study are presented in Table 1. Performance of missing data estimation
methods was tested for selected streamflow gauging stations in the Porsuk River basin.
Observed daily streamflow data were available for 6 stations on the same stream for the 21
years investigated period of 1990-2010. Figure 2 shows the locations of the 6 selected
stations. The selected stations are not located downstream of a dam or reservoir. Data of the
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stations were missing for at least 2 years and at most 5 years. The years of measurement of
the streamflow data for each station are given in Figure 3. Selected 6 stations have highly
logarithmic linear relationships between statistical parameters (long-term mean and standard
deviation) and their drainage area is as shown in Figure 4. The coefficients of determination
(R?) of each relationship are 0.9667 for mean and 0.9644 for standard deviation, respectively.
The nearest and the most correlated stations for each station were identified and provided in
Table 2.

Table 1 - Characteristics of the stations and statistics calculated from daily mean
streamflow data

Station Number D12A033 D12A055 D12A063 D12A093 D12A181 E12A003
Drainage Area (km?) 2432 297 290,7  153,1  3810,5 39384
Elevation (m) 951 1062 826 1130 912 855
Observations (days) 7670 7670 7670 7670 7670 7670
Obs. with missing data (%) 9,5 19,0 9,5 23,8 14,3 0,0
Obs. without missing data (%) 90,5 81,0 90,5 76,2 85,7 100,0
Mean (m?/s) 2,432 0,82 0,594 0512 5172 4,666
Std. deviation 4,815 1,734 1,348 1,022 6323 4,535
Zero (%) 0,00 18,04 0,17 7,97 0,00 0,00
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Figure 2 - Locations of the 6 selected streamflow gauging stations used for this study
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Table 2 - The nearest and the most correlated stations to each station

The Nearest Distance (km) The Most Correlated  Correlation Coefficent (r)
slt:::;::_ Ist station 2ndstation 1ststation 2ndstation 1ststation 2ndstation 1ststation 2nd station
D12A033 DI12A181 E12A003 13,20 20,58 DI12A181 E12A003 0,85 0,83
D12A055 D12A093 D12A033 22,62 34,56 E12A003 DI12A181 0,74 0,73
D12A063 E12A003 D12A181 32,27 37,24 DI12A055 D12A093 0,62 0,56
D12A093 D12A0S55 D12A033 22,62 54,30 E12A003 D12A181 0,75 0,73
D12A181 E12A003 DI12A033 7,60 13,20 E12A003 D12A033 0,95 0,85
E12A003 DI12A181 DI12A033 7,60 20,58 DI12A181 DI12A033 0,95 0,83
4. METHODS

The methods used to estimate the missing data discussed in this study are given below.

a) Regression analysis (REG): Regression analysis is a statistical method that is commonly
used to explain relationships among variables. In this study, the linear, exponential and
logarithmic regression analysis are applied. The mathematical relationship with the highest
R? value between the two stations was taken into account to estimate daily streamflow at the
target station. The daily streamflow, Q (m?®/s) between target and donor station is represented
by

Qtarget = aQgonor + B (1)
Qrarget = @Qhonor @)
Qtarget = alnQgonor + B 3)

where a and B are the coefficients of the regression equations. They are calculated using
concurrent daily streamflow data at the donor and the target stations.

b) Drainage area ratio (DAR): The applicability of the DAR method is closely related to
the hydrological similarity (similar drainage area, climate, and geographical conditions)
between two stations. This method assumes that the streamflow per unit area of
hydrologically similar basins is equal. That is, for any given days,

__ Atarget
Qtarget A Qdonor (4)
donor

where the ratio of drainage areas for the target and donor station, Aarget/Adonor, 1S Used to
transfer streamflow at the donor station, Qgonor, to that at the target station, Qiarget.

DAR method is commonly used when the stations are located on the same stream and the
ratio between the drainage areas of the donor station and the target station (Asarget/Adonor) 1S
between 0.5 and 1.5 [23].

¢) Standardization with mean (SM): This method takes into account the ratio of streamflow
to the mean streamflow. Mathematically,
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HQtarget

Qdonor (5)

Qtarget =
”Qdonor

where Q is the daily streamflow at the subscripted station and p is the mean of the flows at
the subscripted station.

In this study, the SM method applied with annual (SM1) and monthly (SM12) variations.
SM1 standardizes the daily time series with the annual mean streamflow, while SM12
standardizes the daily time series with monthly mean streamflow.

d) Standardization with mean and standard deviation (SMS): This method is based on
assumption that the standardized streamflows at both a target and a donor station are
approximately equal, and can be expressed as:

Qdonor_l‘Qdonm.) (6)

%Qdonor

Qtarget = 'tharget + O-Qtarget <

where u and o are the mean and standard deviation of the streamflows at the subscripted
station.

In this study, the SMS method applied with annual (SMS1) and monthly (SMS12) variations.
The distinction between these variations of the SMS method is similar to the distinction
between SM1 and SM12.

Two standardization methods (SM and SMS) described above require streamflow statistics
(mean and standard deviation) for the target station. Linear regression equations to estimate
streamflow statistics (mean and standard deviation) at the target station for use in SM and
SMS methods are suggested in this study. Mean and standard deviation of streamflow data
should be highly related to drainage area on account of its statistic stationarity. Considering
this assumption, suggested equations were derived from logarithmic relationships between
statistical parameters and drainage area. After some algebraic manipulations, these base 10
logarithmic equations can be shown as:

6 = 108 4% (7

where 0 is mean or standard deviation of the streamflows and A is the drainage area, o and
B are the slope of the regression line (regression coefficient) and intercept value of regression
line (constant), respectively. A single regression equation is required for the annual methods
(SM1 and SMS1) whereas a regression equation for each month is required for the monthly
methods (SM12 and SMS12).

e) Multiple donor stations based DAR (MDAR): This method produces the streamflow
estimations at a target station as the weighted average of the estimations from n donor stations
which are calculated as:

n
Zi=1 WiQdi

i ®

Qtarget =
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)

2
d; = \/(Atarget - Adonor) (10)

where @, is the estimation from the donor station i, and w; is the weight assigned to the
donor station i, and d; is the similarity distance measure between the target station and donor
station i, and A is the drainage area at the subscripted station.

f) Inverse distance weighted (IDW): This method is mathematically expressed as:

Qtarget = E?=1 Wildonor; (11)
S
D
Wi = (12)
i=1dip
row =1 (13)

where q is the area normalized streamflow value (m?/s/km?) at the subscripted station and n
is the total number of donor stations considered for the interpolation. The distance between
the target and donor station d is calculated individually for each of the n donor stations. d is
the distance between two stations, p is power parameter equal to 2 in this study and w is the
interpolation weights. The sum of the weights assigned to each donor station is equal to 1.
Distance, d, between two stations was calculated using a variation of the Haversine Formula
[24]:

d= arccos(sin(latl) x sin(lat,) + cos(lat,) x cos(lat,) x cos(lon, — lonl)) xr(14)

where lat; and lon; represent latitude and longitude in radians of the station 1, respectively
and lat; and lon; represent the latitude and longitude in radians of the station 2, respectively.
The radius of the earth, r, is approximately 6378.1 km.

4.1. Proposed Method (Ensemble Streamflow Estimation)

In the study, the ensemble approaches combining two methods were proposed in order to get
more consistent estimation and reduce uncertainties in the individual methods used. These
approaches were applied by considering the weighted average of any two individual methods.
All possible double combinations of individual method 1 and 2 (i.e. DAR-SM, DAR-SMS,
DAR-IDW, MDAR-IDW, IDW-SM, IDW-SMS etc.) were considered. The mathematical
expression of estimated streamflow, Q, using the weighted ensemble approach (adapted from
Farmer and Vogel) [20] is given in Equation (15).

Oensemble = WQmethodl +(1- W)Qmethodz (15)
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where Q is the daily streamflow estimated from subscripted method and w is a weight
(bounded by 0 and 1) which is based on the relative efficiency of any two methods. The
weight was estimated by using the Langmuir equation as the ratio of NSE of any two methods
as given in Equation 16 and Equation 17.

w=_2 (16)

2
_ (NSEmethodz _1)
- 2
(NSEmethod1 _1)

(17)

4.2. Construction of Flow Duration Curves

A flow duration curve (FDC) was constructed from the daily streamflow for each station.
The FDC was separated into three segments which represent different hydrological

conditions: high-flow (Qo.1, Qo.s, Q2, Qs, Q10), middle-flow (Q20, Q30, Qa0, Qs0, Qs0), low-
flow (Q70, Qso, Qoo, Qos, Qo9). Each percentile (streamflow exceedence probabilities)
represents a different segment of the FDC.

4.3. Evaluation Criteria

Nash-Sutcliffe efficiency (NSE) [25] and root mean square error (RMSE) were used to
evaluate the performance of each method. Their formulations are given as follows:

2
n (Xiobs_Xiest)

NSE=1-—"——2 18
I (P75 xP5)’ ()
n obs_ yest 2

RMSE = M (19)

n

where X?PS is the i-th observed value, X¢¢ is the i-th estimated value and X°PS is the mean
of all the observed data for a time series of length n. The ideal values NSE and RMSE are 1
and 0, respectively.

In this study, the methods were tested using a jack-knife approach on the original data. In
jack-knife (leave-one-out) approach, each station is in turn considered in common period as
ungauged (completely missing) for obtaining a streamflow estimation in that station.

5. APPLICATION OF THE METHODS
5.1. Completion of Missing Data (Partially Missing Data)

For this application, data from the most appropriate donor station was needed to complete
the missing data of each target station. Each station whose data are available was selected as
a donor station of the target station for REG, DAR, SM and SMS methods. Because the
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estimated missing data were not compared with the actual data, the estimation performance
of methods was evaluated on values before and after the missing data, where observed values
are available. Although this evaluation approach does not provide a real estimation
performance, it provides a strong emphasis in favour of the estimated values. The most
appropriate donor stations of the target station were identified, giving the best NSE and
RMSE results according to each method. Then, the missing data at each station was
completed with the estimated values obtained from the most appropriate donor stations. In
this way, the complete 21-year daily streamflow data were obtained for each station. The
linear (Equation 1), exponential (Equation 2) and logarithmic (Equation 3) regression
analysis (REG) were applied to express mathematically the relationships between stations.
Coefficients of determination, R?, were calculated to assess the relationship between stations.
The mathematical relationship with the highest R? value between the two stations was used
in the study. As an example, the relationships obtained for one station was given in Figure 5.
Prior to logarithmic regression analysis, streamflow data that were zero were replaced with
one percent of the minimum observed daily flow from the dataset of each station in order to
avoid problems related to log-transforming values of zero. If streamflow data from the most
appropriate donor station were also missing, streamflow data from the next most appropriate
donor station were used to estimate missing streamflow data at the target station. When the
intercept value (constant) was negative in the calculated regression equations, these equations
generated some negative streamflow values. These negative values were replaced with zero
streamflow.

+ Observed Linear Log. =+ese Exp.
y=1,3313x-0,8815

R?=0,8934

'..‘.v' 0,9943x
R? *u,x.://

e y = 7,3452In(x) - 3,8044
b4 a y 52In(x) !

R?=0,6654

Q (m?¥/s) at the target station D12A181

20 30 40 S0 € 70

Q (m?/s) at the donor station E12A003

Figure 5 - Investigation of relationships between stations and selection of mathematical
equations

5.2. Estimation of Streamflow for Ungauged (Completely Missing Data)

Two separate study periods for ungauged application were conducted, one for simultancous
common years of all stations and the other for 21 years (completed data) of all stations. The
daily streamflow data were estimated for assumed completely missing data (ungauged). First,
simultaneous common years of all stations were determined in a 11 year period (1991, 1992,
1993, 1994, 1997, 2001, 2003, 2004, 2005, 2006, 2007). Each of the stations was considered
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ungauged in turn. In other words, the data record of one of the stations in this study area was
kept out from the database and considered as an ungauged station. Each of the other stations
in turn was selected as the donor station of the ungauged station for the DAR, SM and SMS
methods. All of the other stations (all potential donors) were selected as the donor stations of
the ungauged station for the MDAR and IDW methods. Then, the daily streamflow data for
the ungauged station were estimated using the data from the donor stations. This process was
repeated for all target stations considered. The actual daily streamflow data were used to
evaluate the estimation performance of methods. Secondly, the same procedure was repeated
using 21 years of data for each station. Ensemble estimations were generated using the best
possible results of individual methods for 21 year period. In order to find the combination of
two methods that gave the best streamflow estimates of the target stations, the all possible
ensemble approaches combining two methods were tried.

In this study, it was necessary to estimate the mean and standard deviation of each target
station for use in SM and SMS methods. Therefore, each station in turn was considered as a
target station, and logarithmic linear relationships between statistical parameters (mean and
standard deviation) and drainage areas were obtained for each target station using data from
all other stations. For example, the logarithmic linear regression equations obtained for
station D12A063 have 0.972 R? value for mean, and 0.9622 R? value for standard deviation,
respectively (Figure 6a). For station D12A181, R? values of each relationship are 0.9654 for
mean and 0.9618 for standard deviation, respectively (Figure 6b). The obtained logarithmic
equations were converted into algebraic equations (Equation 7) as explained in the SM and
SMS methods. The drainage area of the target station was replaced by the A parameter in
these equations, and then the long-term mean and standard deviation of the target station
were calculated. The equations of the SMS method generated negative values when the
difference between streamflow value and mean was larger than the estimated mean value.
When the equations generated negative values, the negative values were replaced with zero
streamflow.

an (m*/s)
° "
Log Mean (m?”

og
°
°

Log Drainage Area (km’) Log Drainage Area (km?)

Log Std. Deviation (m?/s)
Log Std. Deviation (m*/s)

o o

Log Drainage Area (km’) Log Drainage Area (km?)

Figure 6 - Logarithmic linear relationships obtained (a) for station D12A063 and (b) for
station D124181
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5.3. Estimation of the Flow Duration Curves

The flow duration curves (FDC) of the estimated values giving the best NSE results for each
individual method were estimated. The selected 15 percentiles for different hydrological
conditions of 11 year and 21 year FDCs of observed and estimated daily streamflow were
compared and will be presented in section 6.

6. RESULTS AND DISCUSSION

The results of partially missing (completion of missing data) and completely missing
(assumed ungauged) applications were described below, respectively.

In order to determine the missing data completion method, Figure 7 shows the range of the
best NSE and RMSE values of each station for each individual methods. Results showed that
the REG method for each station gave better NSE and RMSE values than the other methods,
according to the evaluation approach of the performance of the methods to complete the
missing data. The mean of the NSE values was 0.66 and the mean of the RMSE values was
1.67.

1,0
0,9
0,8
0,7
0,6

]
Cass Do

NSE
=]

0,4
0,3
0,2
0,1
0,0

DAR REG SM1 sm12 SMS1 SMS12

Method

RMSE
o

0,67 0,63

DAR REG SM1 SM12 SMS1 SMS12

Method

Figure 7 - Performance evaluation of the methods for missing data completion

Also, the REG method gave satisfactory results in terms of estimating missing data in
preserving streamflow characteristics (mean, standard deviation, skewness) (Table 3).
Unfortunately, there was no station in the study area with the highest correlation to the data
of stations D12A063. Thus, missing data at this station were completed using the next most
correlated station whose data was available. The results after completion of data indicated
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that the obtained estimation was statistically significant and the statistical structure of the
data for each station was mostly preserved after the completion process (Table 3).

Table 3 - Long-term statistical parameters for completed data of each station

Tar?‘“ Method  Donor station R? Mean Std
station
D12A033 REG-Exp D12A181 0,81 2,413 4,716
D12A055 REG-Linear E12A003 0,55 0,851 1,646
D12A063 REG-Exp D12A093 0,33 0,608 1,302
D12A093 REG-Linear E12A003 0,56 0,568 1,033
D12A181 REG-Linear E12A003 0,89 5,330 6,333
D12A181
1 # Mean_completed M Std_completed  OMean_original  0Std_original
12 é
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Figure 8 - Comparison of long-term statistical parameters between the completed data and
original data of station DI12A4181
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Figure 9 - The observed and estimated daily streamflow data of station D12A4181
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For example, as shown in Figure 8, when long-term monthly mean and standard deviation
between completed data and original data of station D12A181 were compared, it was
determined that there were no significant differences. The missing data of the station
DI12A181 were completed by a mathematical relation depending on correlation and the
complete 21-year data of the station were obtained (Figure 9).

Figure 10 contains all estimates obtained for each station using each individual method for
11 year period and for 21 year period. For the 11 year period, the graphical overview for the
estimation performance of each model was presented in the box plots (Figure 10a and Figure
10b). The ranges of NSE values resulted using a single donor from DAR, SM1, SM12, SMSI1,
and SMS12 methods for all stations were; —24.43 (outlier) to 0.82, —1.37 (outlier) to 0.85,
—1.44 (outlier) to 0.79, —1.23 (outlier) to 0.81 and —0.83 (outlier) to 0.79, respectively. The
ranges of NSE values resulted using all potential donors from MDAR and IDW methods for
all stations were; —0.48 to 0.80, and 0.50 to 0.86 (outlier), respectively. The mean NSE values
of these seven methods were —2.06, 0.17, 0.24, 0.23, 0.28, 0.36, and 0.59, respectively. For
the 21 year period, the graphical overview for the estimation performance of each model was
presented in the box plots (Figure 10c and Figure 10d). The ranges of NSE values resulted
using a single donor from DAR, SM1, SM12, SMS1, and SMS12 methods for all stations
were; —29.51 (outlier) to 0.82, —2.41 (outlier) to 0.87, —0.87 to 0.85, —0.62 to 0.84 and —0.33
to 0.83, respectively. The ranges of NSE values resulted using all potential donors from
MDAR and IDW methods for all stations were; —0.14 to 0.82, and 0.27 (outlier) to 0.89
(outlier), respectively. The mean NSE values of these seven methods were —3.16, 0.09, 0.24,
0.28, 0.29, 0.40, and 0.55, respectively.

For both application periods, the DAR method demonstrated the greatest variability, while
the IDW method exhibited the least variability. Where the ratio of the drainage areas of the
target and donor station were greater than 1.5, almost all NSE values resulted from DAR
method were negative. The best NSE results of each station were given in Table 4 for both
11 year period and for 21 year period. According to the results, the methods using multiple
donors were superior than the methods using a single donor. For all target stations in the
study area, the D12A181 or E12A003 mainstream stations were found to be good donor
station options. Estimation performance of the individual methods for the 21 year period at
4 out of 6 stations was better than those for the 11 year period.

Table 4 - The best NSE results of each station

11 year period 21 year period
Target Station  Method Donor Station NSE Method Donor Station NSE
D12A033 MDAR  All potential donors 0,56 SM12 DI2A181 0,70
D12A055 SM12 D12A181 0,64 SMS12 E12A003 0,62
D12A063 IDW All potential donors 0,53 IDW  All potential donors 0,27
D12A093 SM12 D12A181 0,58 SMS1 E12A003 0,63
D12A181 IDW  All potential donors 0,86 IDW  All potential donors 0,89
E12A003 SM1 DI12A181 0,85 SM1 DI12A181 0,87
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Figure 10 - Statistical summary of NSE performance of the individual methods (a) DAR
method for 11 year period, (b) other methods for 11 year period, (c) DAR method for 21
year period, (d) other methods for 21 year period

The performance of the ensemble approaches, which combine two individual methods,
showed a slight improvement compared to the best individual methods. NSE values of the
best ensemble approaches for each station were given in Table 5. As shown Figure 11 the
best ensemble approach for each station was better or almost of equal performance compared
to the best individual method for each station.

Table 5 - NSE values of the best ensemble approach for each station

Target station The best ensemble approach NSE

D12A033 MDAR-SM12 0,72
D12A055 MDAR-SMS1 0,65
D12A063 DAR-SMSI 0,35
D12A093 IDW-SMSI 0,67
D12A181 IDW-SMS1 0,89
E12A003 IDW-SM1 0,87
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Figure 11 - Comparison of NSE performance between the best individual methods and the
best ensemble approaches for each station.
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Figure 13 - Comparative performance evaluation of the individual methods and the best
ensemble approach which is a combination of these individual methods

9613



Evaluation of Statistical Methods for Estimating Missing Daily Streamflow Data

The box plots of NSE values for all stations using all possible ensemble approaches were
presented in Figure 12. The mean NSE value was slight higher for IDW-SMSI than the other
ensemble approaches. Also, IDW-SMS1 had the least variability. As shown in Figure 13, the
ensemble approaches combining two individual methods produced generally better results
than individual methods.

The scatter plots between observed and estimated streamflow using DAR, SMS1, IDW
methods and the best ensemble approach (IDW-SMS1) for station D12A181 were shown in
Figure 14. The estimated streamflow plotted against the observed streamflow show a good
match except for observed peak values of streamflow (Figure 14). The estimated values
matched the observed values reasonably well, with R? of 0.93 for the best ensemble approach
(IDW-SMS1) for station D12A181. The Nash-Sutcliffe efficiency (NSE) indicates how well
the plot of observed against estimated streamflow data fits the 1:1 line. DAR, SMS1, IDW,
and IDW-SMS1 have good method performance with NSE values of 0.82, 0.84, 0.89 and
0.89, respectively.

DAR SMs1

R¥=0,91

R?= 0,91 NSE=0,84

+ NSE=0,82

Estimated (m*/s) (DAR)
Estimated (m*/s) (SMS1)

Observed (m'/s) (D12A181) Observed (m'/s) (D12A181)

IDW IDW-SMS1

R?=0,93
NSE = 0,89

R’=0,92
NSE = 0,89

Estimated (m*/s) (IDW)
Estimated (m*/s) (IDW-SMS1)

Observed (m*/s) (D12A181) Observed (m'/s) (D12A181)

Figure 14 - Comparison between observed and estimated streamflow using DAR, SMS],
IDW method and the best ensemble approach (IDW-SMS1) for station DI124181

Estimation performance evaluation was also conducted for flow duration curves (FDC).
Figure 15 illustrated the worst (D12A063) and the best (D12A181) station results for
estimated FDC. The NSE values at each hydrological condition (high flow, middle flow, low
flow) were calculated. The results indicated that estimated 21-year flow duration curves have
better agreement with observed (original) flows than estimated 11-year flow duration curves.
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Regional some descriptive statistics as the minimum, mean, maximum, and standard
deviation of the estimates given in Table 6 and Table 7 showed a close match between the
observed and estimated values. Both for 11 year period and for 21 year period (1990-2010),
except for Qo1 and Qoo, all of the percentiles of the estimates obtained by the method with
the best performance for each station, showed high coefficient of determination (linear
relationship between mean observed and mean estimated values).
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Figure 15 - Comparison of observed and estimated 15 percentiles of different hydrological
conditions using the best individual method (a) for station D12A063 (the worst) and (b) for
station D12A181 (the best)
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Table 6 - Regional results of the estimation of the 15 percentile flows for 11 year period

Observed Estimated

Pe;‘clf:;lle 2 Min Mean Max Std Min Mean Max Std
Qo.1 0,57 7,5 30,7 62,7 235 3,7 19,9 438 17,4
Qos 0,81 5,0 17,7 36,7 13,7 2,9 15,2 30,3 12,6

High-flow Q 0,89 33 12,3 254 9,6 2,1 10,7 21,5 9,0
Qs 0,99 1,8 6,7 13,9 52 1,2 6,1 12,6 5,1

Qio 0,98 1,0 4,5 9,9 3,9 0,8 4,2 8,7 3,7

Qa0 0,95 0,5 2,5 5,9 2,4 0,5 2.4 49 2,1

Q3o 0,93 0,3 1,8 42 1,8 0,3 1,8 3,6 1,6

Middle-

flow Qa0 0,90 0,2 1,5 35 1,6 0,2 1.4 3,1 1,3
Qso 0,87 0,1 1,2 3,1 14 0,2 1,2 2,7 1,2

Qso 0,84 0,1 1,0 2,6 1,2 0,1 1,0 2,2 1,0

Qo 0,83 0,0 0,9 23 1,1 0,1 0,9 1,8 0,9

Qso 0,81 0,0 0,7 1,9 0,9 0,0 0,7 1,6 0,7

Low-flow Qoo 0,81 0,0 0,5 1,5 0,7 0,0 0,6 1,3 0,6
Qos 0,81 0,0 0,5 1,3 0,6 0,0 0,5 1,1 0,5

Qoo 0,77 0,0 0,4 1,1 0,5 0,0 0,4 0,9 0,4

Table 7 - Regional results of the estimation of the 15 percentile flows for 21 year period
(1990-2010)

Observed Estimated

Pe;:li':”e ? Min  Mean  Max Std Min  Mean  Max Std
Qo.1 0,72 8,2 349 56,3 18,5 4.8 255 49,7 20,0
Qos 0,79 6,3 21,0 42,1 13,9 34 18,5 33,7 14,8
High-flow Q 091 38 14,7 29,0 10,0 24 13,0 238 10,0
Qs 0,96 2,0 93 19,0 6,9 1,7 8,9 17,2 6,8

Qio 0,94 1,2 6,0 12,2 4.6 1,1 5,6 11,0 4.4

Q2 0,87 0,7 34 7,1 2,7 0,6 3,1 6,3 2,6

Q30 0,85 0,5 2,2 4.8 1,9 0,4 2,0 4,1 1.8

Middle-

flow Q40 0,82 0,3 1,7 3,7 1,6 0,2 1,6 33 1,5
Qso 0,82 0,2 1,4 32 1,4 0,1 1,3 2.8 1,3

Qs0 0,80 0,1 1,1 2,7 1,2 0,0 1,1 23 1,1

Q7o 0,78 0,0 0,9 23 1,1 0,0 0,9 1,9 0,9

Qso 0,78 0,0 0,7 2,0 0,9 0,0 0,7 1,6 0,7

Low-flow Quo 0,77 0,0 05 15 0,7 0,0 05 12 0,6
Qos 0,80 0,0 0,5 1,3 0,6 0,0 0,5 1,0 0,5

Qo9 0,66 0,0 0,4 1,2 0,5 0,0 0,4 0,9 0,4

7. CONCLUSION AND RECOMMENDATION

In this study, two separate application trials were conducted in case of both partially missing
data and completely missing data (ungauged). In partially missing data application, REG,
DAR, SM and SMS methods were used to complete the missing data at the target station.
With the evaluation approach described in the application section, the most appropriate
completing method was selected for each station. Missing data at each target station were
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completed with the selected methods. Thus, the complete time series of 21 years was obtained
for each station. In completely missing data application (each of the target stations was in
turn considered as ungauged), DAR, SM, SMS, MDAR, and IDW methods were used to
estimate daily streamflow at the ungauged station. Individual methods were assessed with
observed 11 year period and completed data (21 year period). The results showed that the use
of multiple donor stations significantly improved the estimates at the target station. The
estimates obtained from the IDW method were found generally to be superior to other
individual methods. The DAR method had an unacceptable performance with negative NSE
values for most estimations in this study area. Ensemble approaches combining two
individual methods were proposed in order to obtain more significant estimates in the study.
Proposed ensemble approaches are carried out for only 21 year period. All possible ensemble
approaches combining individual methods used in the study were tested. Thus, promising
estimation results were obtained for each station. In the study, it is not claimed that any
method can give always much better results than other methods. However, ensembles
approaches combining individual methods can work well and achieve good estimation
performance, although they are not always superior to individual methods.

Improving streamflow estimations is critical to a more effective and sustainable management
of water resources in ungauged or limited gauged basins. Ensemble streamflow estimations
can be used to improve the reliability of hydrological estimations. It is our suggestion that
future studies should focus on the issue concerning which can increase the reliability of
estimations in ungauged basins. In this study, both estimation of daily streamflows and flow
duration curves, which have an important role in the development and operation of water
resources, were implemented successfully in the Porsuk basin where the streamflow data are
missing and the number of stations with streamflow data in the common long period (at least
10 years) is limited. Finally, successful results obtained in such a poorly gauged basin are
expected to contribute to the streamflow estimation literature.

Symbols
A : Drainage area
Adonor  : Drainage area for the donor station

Ager  : Drainage area for the target station

d : The distance between two stations

di : Similarity distance measured between the target station and donor station i
lat : Latitude in radians of the station

lon : Longitude in radians of the station

n : The total number of donor stations

: The power parameter

: The area normalized streamflow value

o o o

: Daily streamflow
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Qudonor  : Daily streamflow for the donor station

Quarget  : Daily streamflow for the target station

Q : Daily streamflow estimated from the subscripted method
r : The radius of the earth

R? : The coefficient of determination

w : Weight

Wi : The weight assigned to the donor station i

XS : The i-th observed value

X£St : The i-th estimated value

Xobs : The mean of all the observed data for a time series of length n
a : The coefficients of the regression equations

B : The coefficients of the regression equations

0 : The mean or standard deviation of the streamflows

0 : The mean of the streamflow

o : The standard deviation of the streamflow

@ : The ratio
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