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Abstract 

Streamflow disaggregation from monthly to daily was performed using a relatively simple, 

flexible, and adaptive method.  Only streamflow acts as decision variables in this disaggregation 

process.  To disaggregate monthly to daily flow at the target station (TS), monthly counterparts 

at the source station (SS) were selected based on minimum error criteria which are calculated 

with respect to streamflow volume within three-month time window.  Daily streamflow indexes 

at SS were then calculated to disaggregate monthly to daily streamflow at TS during the 

disaggregation process.  The effectiveness of the proposed method has been demonstrated 

through its application at both regulated and unregulated waterways located in the northwest 

states, including Idaho and Wyoming.  For both regulated and unregulated monthly streamflow, 

the proposed method well represents daily streamflow realizations similar to historical flows and 

preserves both mass balance and a series of statistical characteristics.  However, the results also 

indicate that the quality of disaggregated daily streamflow varies for individual applications 

depending upon the selection of stations, their geographic information, and data availability.  The 

disaggregation model used in this research is transparent, user friendly, less intensive, and less 

time consuming so that it can be utilized at any watershed without difficulty or much effort.  

Consequently, since development and availability of daily streamflow is important for water 

resources planning and management, including reservoir operation, water quality study, and 

environmental/ecological modeling, this research will help bridge the gap among 

interdisciplinary water research activities, especially for studies of the impacts of hydrologic 

events possibly driven by extreme weather variability and climate change.   

Keywords: streamflow disaggregation; monthly to daily streamflow; flow index; water resources 
management; climate change. 
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1 Introduction 

Streamflow disaggregation at shorter (e.g. daily) time scales is an important research 

avenue in water resources management and practices, including reservoir operations, water 

quality study, and biological modeling.  Historically, water scientists commonly utilize monthly 

data to identify hydrologic variability and environmental impacts on many regulated and 

unregulated waterways.  Understanding of river ecology, including ecological health of river 

system, level of biodiversity, biological response to instreamflow events, and ecology-hydrology 

nexus is mainly constrained by the lack of fine-scale temporal variability in hydrological datasets 

(Gippel 2001; Costelloe et al. 2005).  

The availability of hydrological data at shorter time scales helps to characterize the 

ecological responses driven by consecutive flow events, which act as critical step functions 

limiting healthy fish habitat and survival.  However, daily and shorter time steps in 

environmental/ecological modeling is still challenging in the sense that the data quality varies 

depending on geographical boundary conditions and techniques utilized by individual modelers 

during the disaggregation process.  Numerous approaches have been applied for streamflow 

disaggregation at single and multiple sites, while a specific application varies depending upon 

hydrological characteristics embedded in the physical and computational constraints.  For 

example, the target station (TS) streamflow, where streamflow needs to be generated or 

disaggregated, is dependent upon streamflow at the source station (SS).  Thus, the statistical (e.g. 

mean, standard deviation, correlation coefficient, and skewness) and other dependent properties 

of the resulting streamflow should lay out characteristics of the observed historic streamflow 

(Sharma et al. 1997).  Several disaggregation models (methods) have been developed and 

utilized in the past to produce streamflow realizations at finer temporal scales, such as daily time 

steps. 
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Two typical approaches, namely parametric and non- parametric models, have been 

widely used in literature to accomplish the goal of stochastic disaggregation and produce 

synthetic streamflow to mimic realizations of historic hydrologic behavior that can be 

statistically justified.  Parametric methods impose linearity or distributional assumptions over 

historical data, while non-parametric methods can capture state dependency, non- linearity, and 

multi-modality within the historical datasets.  Parametric approaches (Valencia and Schaake 

1973; Stedinger and Vogel 1984; Grygier and Stedinger 1988) have been performed following a 

linear approach among which autoregressive moving average (ARMA) techniques were widely 

used by hydrologists for stochastic hydrologic modeling based on annual and/or monthly 

streamflow at single sites (Pegram et al. 1980; Salas et al. 1980; Stedinger and Vogel 1984; Bras 

and Rodriguez-Iturbe 1985).  While preserving statistical properties, such as cross correlation 

and summability, this method assumes that the data is normally distributed.  However, this 

method was suitable for only lower dimensions so that the summability criterion is no longer 

valid for other data transformation such as log or power transform (Nowak et al. 2010).  

Consequently, it is challenging to reproduce the nature of streamflow by any of the commonly 

used theoretical distributions (Sharma et al. 1997).  The stepwise disaggregation approach 

proposed by Santos and Salas (1992) was also considered suitable for only coarser temporal 

scales (e.g. monthly, seasonal) because of additional challenges of coherency across the 

simulated flows between months or seasons during the transition time.  Most of the methods 

discussed above are considered suitable to disaggregate data at shorter time scales not finer than 

monthly (Nowak et al. 2010).   

Several non-parametric techniques (Sharma et al. 1997; Xu et al. 2001; Tarboton et al. 

1998; Prairie et al. 2007; Lee et al. 2010) have been also developed to generate streamflow 
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realizations.  These techniques are considered to be capable of reproducing linear and non-linear 

dependence (Sharma et al. 1997) and non-normal features, such as non-Gaussian distributions 

(Prairie et al. 2007; Tarboton et al. 1998).  The non-parametric approaches utilized by earlier 

studies include Kernel density estimation approach (Tarboton et al. 1998) and K-nearest 

neighbor (KNN)-based time resampling approach (Prairie et al. 2007; Nowak et al. 2010).  

Although the kernel density methods address non-normality issues, they require intensive 

mathematical computations.  They were considered inefficient due to the complexity of matrix 

processes (higher dimensions) to deal with statistical inference during parameter estimation, the 

difficulty of implementing in multivariate problems, and boundary conditions (Sharma and 

O’Neil 2002; Nowak et al. 2010).  Meanwhile, the KNN approach proposed by Nowak et al 

(2010) was considered effective with respect to reproducing daily data at multiple sites, and 

preserving summability, continuity, and cross dependency amongst stations.  However, this 

method does not capture the flow continuity in year-to-year transition and is more suitable at 

unregulated streamflow stations.  The challenge to capture flow continuity between monthly or 

yearly transitions in non-parametric approaches is similar to the parametric approaches discussed 

earlier.  Most of the studies discussed above were found effective only at coarser time scales (i.e., 

from annual or seasonal to monthly). 

Some stochastic models were developed to disaggregate streamflow from monthly to 

daily but each method has pros and cons in terms of accuracy and limitations.  Though it is 

considered an improvement, the disaggregation approach developed by Nagesh Kumar et al. 

(2000) was computationally intensive with a larger number of decision variables.  Techniques, 

such as Markov autocorrelation pulse model (Xu et al. 2001) and cross-correlation pulse model 

(Xu et al. 2003) might be able to reproduce statistically similar characteristics of the historical 
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daily streamflow sequences.  These models show better performances for streamflow 

disaggregation at some watersheds, but simulating extreme hydrologic events is still limited for 

broad applications.   

Some deterministic approaches are also used to simulate daily streamflow along with 

limited applications.  Green (1973) noted that daily streamflow generated by daily rainfall using 

a deterministic approach had some success in modeling streamflow, especially from small urban 

catchments.  A series of statistic techniques, including logarithmic transformation of 5-day 

average flows and a stochastic error term associated with maximum and minimum daily flows, 

were incorporated to preserve the non-deterministic nature of daily flows (hydrograph shape) and 

long-term flows (statistically stabilized characteristics in a disaggregation model for daily 

streamflow) (Green 1973).  However, it did not show a similar accuracy for all river segments 

nor it was feasible to simulate high flow realizations.  Another disaggregation method proposed 

by Ganju et al. (2008) is based on the selection of a historical monthly hydrograph that is closest 

to the monthly hydrograph that will be subject to disaggregation.  Selection of historical monthly 

hydrograph is done by considering least square error (metrics), and daily streamflow are then 

generated based on the selected monthly hydrograph.  This approach presumed that the monthly 

hydrograph throughout the year also mimics the behavior of the daily unimpaired hydrograph 

after disaggregation processes.  Sivakumar et al. (2004) developed a non-linear deterministic 

approach to generate sequences of daily streamflow by considering streamflow data series of 

successively doubled time resolutions between daily and 16 days (e.g., daily, 2-, 4-, 8-, and 16-

day resolutions).  Their method was performed between successive resolutions where best results 

were obtained for “low embedding dimensions (2 or 3)” and the accuracy was increased as time 

scales change from coarser to finer (16 days to 2 days) (Sivakumar et al. 2004). 
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Based on the literature review, we notice that many algorithms, techniques, and 

methodological approaches are available to generate streamflow at different time scales.  The 

previous methods have been proposed at different times with certain modifications and 

improvements.  Disaggregation of streamflow from monthly to daily time steps, however, is still 

challenging hydrologists face today.  As Nowak et al. (2010) pointed out, the major constraints 

during the disaggregation processes from monthly to daily include intensive computational 

resources, high dimensionality of the disaggregation problem, degree of feasibility to meet 

targets (deterministic or stochastic, parametric or non-parametric), and the uncertainty embedded 

in estimating parameters.  Although some of the latest methods are utilized in streamflow 

disaggregation at a shorter time scale, their conceptual difficulty and computational complexity 

still limit our ability to disaggregate streamflow from monthly to daily.  Note that a direct 

comparison between previous methods may not be practical even if those are utilized in many 

water resources applications at different time scales.  Some methods are too difficult to 

implement because of their complexity, while some others are still in the process of validating 

accuracy of daily streamflow at specific applications.  Therefore, a relatively simple approach 

that could be implementable easily and quickly in many regulated and unregulated waterways is 

of great interest to water resources managers.  

As such, the goal of this research is to develop a simple, transparent, user friendly and 

computationally less intensive statistical method that can be utilized without much difficulty to 

disaggregate streamflow from monthly to daily.  This paper is organized as follows: a brief 

methodology for this analysis is provided in the next section followed by the description of the 

study area.  Then, the summary of observed and simulated results along with case studies is 

discussed.  The conclusions from this research and future research scope are finally described. 
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2 Methodology 

2.1 Disaggregation Process and Statistics 

The disaggregation process developed here is a simple linear deterministic technique to 

disaggregate monthly to daily streamflow at TS based on the selected monthly streamflow at SS 

using minimum error criteria.  Thus, the minimum error is calculated based on a three-month 

centered time window to capture seasonal flow volume as adopted by Nagesh Kumar et al. 

(2000).  The purpose of the 3-month window is to reduce uncertainty in the continuity of flows 

amongst embedded months.  Since proportional adjustments are often needed to compute daily 

index during the disaggregation process, this approach is capable of generating extreme values 

that were previously not observed in the historical record.   

Wood et al. (2004) also utilized similar techniques, but random sampling and temporal 

downscaling efforts has been additionally added to bias-corrected monthly precipitation and 

temperature data to daily.  Unlike the use of random sampling and single month as adopted by 

Wood et al. (2004), a 3-month window in this study is considered for the month that needs 

disaggregation.  Note that selection of historical monthly streamflow counterparts for the same 

window is based on relative error criteria, which is measured as Root Mean Square Error 

(RMSE) (see Appendix for equations).  A complete streamflow disaggregation process is 

summarized in Figure 1. 

The first step in the disaggregation process is the selection of Target Station (TS) and 

Source Station (SS).  Since SS is utilized as a reference station, its selection is critical for 

streamflow disaggregation at TS because the ratio of daily streamflow to monthly flow at TS is 

solely derived from flow statistics at SS.  Therefore, the SS located near TS and possesses 

similar watershed characteristics (e.g., vegetation, land use change, soil type) would be a good 
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choice. If multiple stations exist nearby, a K-nearest neighbor based resampling approach is 

recommended. Note that all unregulated gauge stations used in this study are located in snow-

dominated watersheds (See Figure 2).  

The SS includes both daily and monthly historical streamflow, while the TS has only 

monthly streamflow.  Basically, the daily streamflow at TS is calculated based on monthly 

streamflow at TS and daily and monthly streamflow at SS.  Typically, the SS can be determined 

based on the quality of data and no missing observation.  

Once a month and year is selected for streamflow disaggregation at TS, a 3-month 

window centering the selected month at TS is chosen from historic observed monthly streamflow 

at SS.  For example, streamflow disaggregation in April at TS requires information for a 3-month 

window, including March, April, and May over historic observed monthly streamflow at SS.  

Thus, the total monthly streamflow for this window at TS is compared with the same window for 

every year in the historical record available at SS.  Next, the RMSE is computed to identify the 

best match year and months representing monthly volume between TS and SS during the 

predefined 3-months.  Daily flow index, SISS is then computed as follows.  SISS  is defined as the 

ratio of daily streamflow (Dy) to monthly total streamflow (My) for the selected month at SS.  

Note that the data utilized in this study have no missing values.  A detailed description of 

methods to reconcile missing observations at stations is beyond the scope of this paper and 

therefore not included here.  The interested readers are referred to related literature (Little 1992; 

Allison 2001; Cohen et al. 2003; Howell 2008) for detailed explanations on gap filling 

techniques.  

A cubic spline interpolation is applied as a post processing tool after performing the 

disaggregation process, but it is optional (see Figure 1).  Thus, cubic spline interpolation 
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technique can be applied when  streamflow difference between the last day of the month and the 

first day of the following month is greater than 10%, which is a user defined threshold based on 

engineering judgment.  It appears that 10% threshold based on sampling is acceptable in the 

sense that total volume in the months is similar before and after cubic spline interpolation.  

The major application of cubic spline interpolation in this analysis is to minimize 

hydrologic jumps in month-to-month transition. For this purpose, the disaggregated daily 

streamflow during the last week (7 days) of the selected month and first week (7 days) of the 

following month are subjected to cubic interpolation by considering disaggregated daily 

streamflow starting from the middle of the month to the middle of the following month (about 30 

days’ time horizon).  For example, to minimize hydrologic jumps in between June and July 1967, 

a time window, June 24-30 and July 1-7, was selected to update streamflow by the interpolated 

streamflow from the spline. Since the length of interpolated streamflow  is less than quarter 

percent of two-month time window (14 out of 60 days data records), the monthly flows  (sum of 

daily flows) before and after smoothing were not significantly different, which means that the 

spline maintains the summability relatively well in this particular case.  Perhaps, the cubic 

splines produce negative values during low flow conditions, but it doesn’t apply to our cases. If 

that is the case, conditional spline techniques, such as conditional logspline (Mâsse and Truong, 

1999) can be applied.   

 

2.2 Statistics  

Various statistical parameters, including mean (Ȳ ), standard deviation (Sy), RMSE, and 

the bias (%) between observed and simulated hydrographs are computed to evaluate the 

effectiveness of the proposed disaggregation method.  Additionally, the Pearson correlation 
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coefficient (r), coefficient of determination (R2), and Nash-Sutcliffe efficiency (E) are also 

calculated for validation purposes.  These statistics are calculated between observed and 

disaggregated daily streamflow over the study period and for selected peaks representing 

maximum, normal, and low (base) flow conditions during the same period.  Ratio (R) is also 

calculated for each selected peak to determine the difference in observed and disaggregated 

volume.  Mathematical justification of statistical parameters is available in Appendix. 

A two-sample Kolmogorov-Smirnov (KS) non-parametric goodness of fit test  is also 

applied to test if two streamflow distributions (observed vs. disaggregated) are significantly 

different from each other.  This test calculates maximum cumulative distance in between two 

streamflow distributions (Stephens 1970; Acharya et al. 2012). 

D = max |D1 – D2|       (1) 

Where, D1 and D2 represent data vectors for each streamflow distribution, respectively. 

The null hypothesis for this test is that the two data vectors are from same empirical distribution; 

the alternative hypothesis is that the two data vectors are from different distributions.  This test 

rejects the null hypothesis, if the critical value based on sample size is less than the test value 

based on maximum cumulative distance. 

 

3 Study Area 

 For this study, three pairs of streamflow gauge stations maintained by the United States 

Geological Survey (USGS) are selected to represent one regulated and two unregulated 

streamflow sites.  As shown in Figure 2, the regulated (impaired) streamflow locations are 

selected at the Boise River, Idaho, while the unregulated (unimpaired) streamflow locations at 

the Salt River and Upper Snake River are situated near the border between Idaho (ID) and 
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Wyoming (WY).  The gauge stations selected along the Boise River are near Parma (USGS 

13213000, hereafter Sta A1) and at Glenwood Bridge near Boise (USGS 13206000, hereafter Sta 

A2).  The Boise River is regulated by a series of dams and reservoirs upstream of the selected 

stations.  The selected gauge stations on Snake River (USGS 13010065, hereafter Sta B1) and 

Salt River (USGS 13027500, hereafter Sta B2) in Wyoming are considered unimpaired because 

they are located upstream of Jackson Lakes Dam at Flagg Ranch and Palisades Dam near Etna, 

respectively.  No diversions are made upstream of their locations.  Another set of unimpaired 

gauge stations are located at Falls River near Squirrel (USGS 13047500, hereafter Sta C1) and 

Teton River above South Leigh Creek near Driggs (USGS 13052200, hereafter Sta C2) in Idaho.    

 As mentioned earlier, streamflow is a critical input requirement to evaluate system 

performance and/or additional hydrological (e.g., low flow, flood control, water management, 

river restoration) and ecological (e.g., temperature, water quality, biological index) modeling 

efforts.  Both daily and monthly streamflow data for each selected stations are obtained from the 

USGS website (http://waterdata.usgs.gov).  More detailed information for the selected stations, 

such as their locations and related flow characteristics is summarized in Table 1.   

 

4 Case Study 1: Regulated Streamflow 

 Since the Boise River is regulated and the stations are located within the same watershed, 

characteristics of monthly flows at two regulated streamflow stations show similar patterns as 

shown in Figure 3.  Both observed and disaggregated daily streamflow agree well in the sense 

that the nature of the disaggregated hydrograph, such as base streamflow and peak flows is well 

captured for the regulated waterway.  It appears that the disaggregated peak flows are slightly 

higher than observed peak flows as shown in Figure 4 during 1996-2000.  The calculated 
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statistics between Sta A1 and Sta A2 for the regulated case are also listed in Figure 4.  A very 

low (negligible) positive bias (%) and higher correlation coefficient (r), coefficient of 

determination (R2), and Nash-Sutcliffe efficiency (E) values are observed.  Note that higher ‘r’, 

‘R2’and ‘E’ represents a good match between observed and disaggregated streamflow volume, 

while positive bias indicate that disaggregated streamflow are higher than observed streamflow.  

Perhaps, a slightly higher disaggregated streamflow volume at TS is derived from higher 

magnitudes of streamflow characteristics at SS.  Although the observed and disaggregated mean 

daily streamflow for each month coincide, the standard deviations during Jan-June are 

comparatively higher than that during July-Dec (Table 2).  This is due to relatively higher daily 

streamflow observed during Jan-July in the study period (Figure 4).  

Figure 5 further illustrates the comparison of observed and disaggregated daily 

streamflow for some selected peaks for regulated waterways in Boise River system during 1996-

2000.  Correlation coefficient, observed and disaggregated streamflow volume and their ratio, 

and RMSE are calculated for each selected peak for evaluations.  Each of these cases shows a 

good correlation (0.55 to 0.95), except Peaks 1, 10, and 15, which show a correlation that may 

not be practically significant (< 0.40).  The observed and disaggregated streamflow volume also 

matches quite well, while the ratio varies from 0.94 to 1.00.  During this calculation, the RMSE 

varies from 0.5cms (18cfs) to 11cms (388cfs), higher RMSE is observed for high flows at Peaks 

2 and 4, and lower RMSE for low flows at Peaks 13 and 14.  A comparatively higher RMSE is 

observed for high flows, since a small difference in high flows may cause larger errors. 

The range of observed and disaggregated daily streamflow is also compared in a box plot 

as shown in Figure 6.  As expected, the range of maximum and minimum, interquartile as well as 

median streamflow are approximately well balanced for each month, except for Feb, where a 
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lower median and 3rd quartile range is observed for disaggregated daily streamflow. The outliers 

are also observed with similar magnitudes.  During this analysis, both observed and 

disaggregated monthly total streamflow, which are calculated based on daily streamflow, are also 

well matched by verifying the mass balance for each month.  

 

5 Case Study 2: Unregulated Streamflow 

For unregulated streamflow at the Upper Snake River, the gauge stations, Sta B1 and Sta 

B2, are selected as shown in Table 1 and Figure 2.  Sta B1 near Jackson Lake and Sta B2 near 

Palisades Reservoir are considered as SS and TS, respectively.  Both of these stations are located 

in snow-dominated watersheds and show similar nature of hydrograph as shown in Figure 7. 

Similar to the regulated case study, the observed monthly streamflow volume at SS is higher than 

that at TS.      

The disaggregation tool is utilized to disaggregate five years (1996-2000) of monthly 

streamflow at Sta B2 (Target Station) based on 22 years (1984-2005) of daily and monthly 

streamflow at Sta B1 (Source Station).  In addition to the disaggregation procedure described 

above for the regulated case study, a cubic spline interpolation is also applied as a post 

processing tool for unregulated flows due to 10% threshold criterion discussed earlier. Thus, it 

requires maintaining coherency of hydrographs between months.  As shown in Figure 8, the 

comparison of observed and disaggregated daily streamflow shows similar hydrologic response 

throughout the study period, except some abnormal peaks identified (See the dotted box in 

Figure 8) during the periods of April-June in 1998.  But, in most cases, the nature of hydrograph, 

base streamflow, and peak streamflow is well captured.  It appears that the disaggregated peaks 
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are slightly higher than observed peaks at lower flow conditions because streamflow at SS often 

override streamflow at TS during the disaggregation process. 

The calculated statistics based on observed and disaggregated daily streamflow during 

1996-2000 for unregulated streamflow in the Upper Snake River are available in Figure 8.  It is 

noted that a slightly lower disaggregated streamflow volume at TS is affected by sudden 

hydrological jumps observed during high or low flow conditions.  While comparing mean and 

standard deviation of daily streamflow for each month, the mean daily streamflow are in the 

same range, except April, which is showing higher difference.  In general, the standard 

deviations during April-Sep are higher in comparison with Oct-March over the study period.  

Note that higher standard deviation is observed during high flows conditions.  

The computed statistics for an unregulated case show higher bias (%) and RMSE, and 

lower ‘r’, ‘R2’and ‘E’ in comparison with the regulated case, perhaps due to different hydrologic 

characteristic related to local information of stream gauge stations, catchment scales, and 

observed streamflow.  For example, unlike the regulated gauge stations in the Boise River, the 

unregulated gauge stations located in the Salt River and Snake River, which have different 

catchment characteristics, have resulted very high streamflow at SS in the Snake River as 

compared to the TS in the Salt River.  This implies that the increased variation of streamflow at 

SS results in increased variation of streamflow indices, representing more frequent fluctuations 

in higher or lower daily streamflow at TS. 

Boxplots in Figure 9 show the median, interquartile range, as well as maximum and 

minimum daily streamflow for each month at the unregulated waterways during 1996-2000. The 

interquartile range and median daily streamflow are approximately in the same range for all 

months except April, where median daily disaggregated streamflow is lower than observed 
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streamflow.  Minimum and maximum streamflow also show similar range for each month except 

April, where disaggregated maximum streamflow along with outliers show higher range of 

streamflow as compared to observed streamflow.  The higher disaggregated streamflow 

calculated for this month is due to the higher ratio (SISS) developed with respect to higher 

streamflow at SS.  As similar to the regulated case, while comparing monthly total volume 

aggregated from daily streamflow, the disaggregated streamflow agree well with the observed 

streamflow, in terms of both magnitude and patterns.  As noted earlier, this has become possible 

since the method follows proportional distribution, and the ratios (SISS) calculated from SS are 

applied to total monthly volume at TS, thus resulting in approximately equal monthly streamflow 

before and after disaggregation.   

Additionally, some peaks representing high, normal, and low flows are selected from the 

disaggregated streamflow, and then statistics are calculated.  The selected peak events, their time 

frame, and total volume for each event are summarized in Table 3.  No significant correlation is 

observed for selected peaks based on high flows, while it is calculated in the range of 0.50-0.90 

and 0.40-0.71 based on normal and low flows respectively.  It is noted that the lower correlation 

calculated for selected peak flows are due to difficulty in exactly representing daily streamflow 

variations captured during SISS calculations.  The variation in SISS associated with differences in 

watershed characteristics, station location, and streamflow pattern (wet/dry) at SS might be a 

dominant factor embedded in disaggregation logics.  Nonetheless, the disaggregated daily 

streamflow over the study period generally provide good statistics as shown in Table 2 and 

Figure 8.  The RMSE of the selected peaks for high flows and low flows are observed high 

values and low values, respectively.  Although, RMSE is higher for some selected peaks for high 
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flows, the observed and disaggregated streamflow volume for each peak matches well for all 

cases, where the ratio varies from 0.90 to 1.14. 

To further illustrate the disaggregation method at the unregulated gauge stations, an 

additional pair of unregulated streamflow stations located in Eastern Idaho is investigated.  The 

selected gauge stations are namely Sta C1 in the Falls River near Squirrel and Sta C2 in the 

Teton River near Driggs (See Table 1 and Figure 2).  Figure 10 shows observed vs disaggregated 

daily streamflow at Sta C2 during the period 1996-2000.  As expected, the disaggregated daily 

streamflow follows the nature of hydrograph as well as streamflow magnitude throughout the 

study period, with underestimation/overestimation of some peaks.  The calculated statistics over 

the study period can be considered good for this analysis.  A negligible positive bias, higher 

correlation and efficiency (r = 0.91, R2 = 0.82, E = 0.81) are obtained with a total RMSE of 

5.5cms (195cfs) during the disaggregation process.  However, after application of cubic spline 

interpolation, a negative bias (-1.8%), and increased correlation and efficiency (r = 0.93, R2 = 

0.85, E = 0.84) are obtained along with decreased error (RMSE 5cms/175cfs).  It appears that the 

application of cubic spline interpolation results in a smooth hydrograph with reduction of peak 

flows (sudden jumps or drops) during the transition between months.   

The K-S test and ranksum test are applied for each case study to determine if two 

streamflow distributions (observed vs disaggregated) are different with statistical significance. 

During the K-S test, the premise of our null hypothesis is that if two hydrographs from observed 

and disaggregated flows are substantially different from each other, we can infer, our 

disaggregated flows are not well matched with the observed flows at 5% level of significance. 

Thus, the null hypothesis indicates that cumulative distribution function (cdf) of the observed 

streamflow is larger than that of the disaggregated streamflow; the alternative hypothesis is that 
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the observed cdf is smaller than the disaggregated cdf.  The null hypothesis is accepted (p value 

> 0.05) for the regulated case thus demonstrating observed streamflow distribution to be larger 

than disaggregated distribution, while rejecting null hypothesis (p value < 0.05), the case is 

reverse for unregulated cases. 

The two sided ranksum test (Hollander and Wolfe 1999) is also applied between 

observed and disaggregated daily streamflow.  For larger sample sizes, this test is based on the 

normal approximation, [z = (T - μ) / σ], with z statistics calculated based on test statistic (T), 

mean (μ) and standard deviation (σ) of T.  For this test, the null hypothesis indicates that the two 

data vectors are from identical distributions and with equal medians; the alternative hypothesis 

indicates that the two data vectors do not have equal medians.  This test is applied on observed 

and disaggregated daily streamflow for each month (Jan-Dec) to test statistical significance of 

median values during the study period.  As expected, the null hypothesis is accepted (p > 0.05) 

for both regulated and unregulated cases for all months except April for unregulated cases.  This 

demonstrates that observed and disaggregated streamflow are well matched over the study period.  

 

6 Conclusions 

This paper introduced a relatively simple statistical method to disaggregate streamflow 

from monthly to daily time scale, perhaps easily implementable in a user-friendly computational 

environment, such as Microsoft Excel or similar platform.  A major constraint for this method, 

however, is the selection of SS and data availability of daily and monthly streamflow at SS.  

Also, there is a higher probability that results are slightly biased based on selection of SS and 

likely affected by missing observations.  Missing observations can be easily seen in a basin due 

to anthropogenic impacts as well as measurement errors caused by instrumental modification, 
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man-made, physical constraints, and/or weather conditions.  Several treatment methods from 

simple to complex (e.g. mean and median substitution, pairwise deletion, list-wise deletion, 

regression models, maximum likelihood, multiple imputation) have been proposed in the past so 

that the interested reader to deal with missing observations prior to disaggregation processes is 

referred to the literature (Little 1992; Allison 2001; Cohen et al. 2003; Howell 2008).  

 The suitability of this disaggregation method has been demonstrated through its 

application at regulated and unregulated waterways in the western watersheds.  Visual 

inspections as well as statistical parameters were applied to evaluate the hydrographs of the 

disaggregated and observed streamflow.  Overall, the magnitudes and patterns of the 

disaggregated streamflow correlate well with the observed streamflow for all cases over the 

study period.  The statistics show that disaggregation for the regulated case better performed than 

that for the unregulated cases. It appears that the calculated RMSE varied depending upon 

streamflow at SS.  Thus, the higher streamflow have resulted an increased RMSE.  The K-S test 

also showed that cdf of the observed streamflow is wider than that of the disaggregated 

streamflow for the regulated case, while this pattern was shown in reverse for the unregulated 

case at 5% significant level.  However, the ranksum test showed that both observed and 

disaggregated streamflow well matched based on median statistics applied to daily streamflow 

over the study period.  

The goal of this research is to develop a relatively simple method for streamflow 

disaggregation from monthly to daily by reducing computational burden and time, and 

application to areas where very precise calculations may not be always required.  As discussed 

earlier, some previously developed methods may provide a fairly better result (not tested here), 

but these methods are computationally intense.  This tool, however, developed in an Excel 
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environment, is fairly simple, broadly applicable with less computational burden, and provides a 

solution to the disaggregation problem which is of interest to many state and local agencies at 

present.  Thus, this tool can be applied directly at any site to conduct streamflow disaggregation 

from monthly to daily.  

It is difficult to accurately represent all hydrological components and catchment response 

while developing a disaggregation model.  Therefore, most of the proposed methods only utilize 

streamflow as a decision variable while performing disaggregation.  Since the non-linear nature 

of precipitation over the watershed highly affects streamflow response, future work on 

streamflow disaggregation from monthly to daily timescale will be related to enhancement of 

this tool in user friendly software architecture, based on cross-relationship between hydrologic 

variability and weather forcing, such as precipitation and temperature as inputs. 
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Appendix 
 
Statistics used in this analysis 
 
Major statistics used in this analysis are calculated as follows (Smith et al, 2004; Krause et al, 

2005; Acharya et al, 2011): 

a) Root Mean Square Error (RMSE) 
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Where, i represents months in three months window, Xi and Yi are monthly total streamflow for 

the target station (TS) and source station (SS) respectively, N is the number of observations (in 

this case, N=3). 
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e) Coefficient of Determination (R2) 
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f) Nash-Sutcliffe Efficiency (E) 
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Where, Oi and Di represent observed and disaggregated streamflow respectively; So and 

Sd are sample standard deviations for observed and disaggregated streamflow; n is the number of 

observations; SSerr and SStot represent residual sum of squares and total sum of squares. 
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Table 2 Monthly mean and standard deviation of streamflow at Boise River (Case 1: Regulated 

River) and Upper Snake River (Case 2: UnRegulated River) based on daily observed and 

disaggregated streamflow during 1996-2000. 

Table 3 Additional peak regions selected to calculate statistics for Case 2 (Unregulated Snake 

River). 
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List of Figures 

Figure 1 Flowchart for streamflow disaggregation from monthly to daily time scale at the Target 

Station (TS) based on daily and monthly streamflow at the Source Station (SS).  

 

Figure 2 Location of the selected streamflow gauge stations in the Snake River Basin. The sites, 

A1 and A2 represent the location of the regulated streamflow gauge stations along the Boise 

River near Parma (USGS 13213000) and at Glenwood Bridge near Boise (USGS 13206000) in 

Idaho, respectively. And, the unregulated streamflow gauge stations include pairs of B1and B2, 

and C1 and C2, which are located in the Upper Snake River. B1 and B2 are located in Snake 

River above Jackson Lake at Flagg Ranch (USGS 13010065) in Wyoming and in Salt River 

above reservoir Palisades near Etna (USGS 13027500), respectively. Bothe C1 near Squirrel 

(USGS 13047500) and C2 above South Leigh Creek near Driggs (USGS 13052200) are located 

in Idaho. 

 

Figure 3 Mean monthly streamflow (cubic meter per seconds, cms) pattern for the Boise River 

near Parma (Sta A1) and at Glenwood Bridge (Sta A2).  

 

Figure 4 Disaggregated vs. Observed daily streamflow (cubic meter per seconds, cms) at Boise 

River at Glenwood Bridge (Sta A2) during the period of 1996 to 2000. Events 1 to 15 represents 

additional peak regions selected to calculate statistics for Boise River. 

 

Figure 5 Observed vs disaggregated daily streamflow (cubic meter per seconds, cms) for the 

selected peaks (high, average and low), which is a subset of the peaks shown in Figure 4. 
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Figure 6 Box plots showing variation in observed (left) and disaggregated (right) daily 

streamflow for each month during 1996-2000 for the Boise River at Glenwood Bridge (Sta A2). 

 

Figure 7 Mean monthly streamflow (cubic meter per seconds, cms) pattern for the Snake River 

near Jackson Lake at Flagg Ranch (Sta B1) and Salt River near Palisades Reservoir at Etna (Sta 

B2). 

 

Figure 8 Disaggregated vs. observed daily streamflow at Sta B1 during the period of 1996 to 

2000, after post processing using cubic spline interpolation. The rectangular dotted box in the 

year 1998 represents an example of abnormal disaggregated peak observed at Sta B1 as 

discussed in the text. 

 

Figure 9 Boxplots show the daily variation of observed (left) and disaggregated (right) 

streamflow for each month during 1996-2000 in the Salt River near Etna (Sta B2).   

 

Figure 10 Disaggregated vs. observed daily streamflow at the Teton River near Driggs (Sta C2) 

during the period of 1996 to 2000, after post processing using cubic spline interpolation. 

 

 

 

 

 

Journal of Hydrologic Engineering. Submitted June 4, 2012; accepted March 13, 2013; 
   posted ahead of print March 15, 2013. doi:10.1061/(ASCE)HE.1943-5584.0000818

Copyright 2013 by the American Society of Civil Engineers

J. Hydrol. Eng. 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Id
ah

o,
U

ni
ve

rs
ity

 O
f 

on
 0

3/
19

/1
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



27 
 

Table 1 Name, location and other characteristics of streamflow gauge stations used in this study.  

Station Name Gauge ID Latitude Longitude Basin State Data  

Sta A1* Boise River NR Parma 13213000 43.7817 -116.973 Middle 
Snake 

ID 1972-2011 

Sta A2** 
Boise River at 

Glennwood Bridge 13206000 43.6605 -116.279 
Middle 
Snake ID 1982-2011 

Sta B1* Snake River AB Jackson 
Lake AT Flagg Ranch 13010065 44.0989 -110.668 Upper 

Snake WY 1984-2011 

Sta B2** Salt River AB Reservoir 
Palisades NR Etna 

13027500 43.0797 -111.037 Upper 
Snake 

WY 1954-2011 

Sta C1* Falls River NR Squirrel 13047500 44.0686 -111.241 
Upper 
Snake ID 1960-2011 

Sta C2** Teton River AB South 
Leigh Creek NR Driggs 

13052200 43.7818 -111.209 Upper 
Snake 

ID 1962-2011 

 

 Note: Sta A1 and A2 are regulated stations; other stations are unregulated, * and ** represent Source Station (SS) 
and Target Stations (TS), respectively. 
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Table 2 Monthly mean and standard deviation (std) of streamflow at the Boise River (Case 1: 

Regulated River) and the Upper Snake River (Case 2: UnRegulated River) based on daily 

observed and disaggregated streamflow during 1996-2000. 

 Regulated Unregulated 

 Observed (cms) Disaggregated (cms) Observed (cms) Disaggregated (cms) 

Months mean std mean std mean std mean std 

Jan 42.8 64.5 42.5 63.5 14.4 61.0 14.3 78.0 

Feb 81.6 77.6 81.8 73.5 13.2 38.0 13.1 38.0 

Mar 132.0 71.7 130.5 71.6 14.3 144.0 14.0 60.0 

Apr 121.0 56.6 120.2 57.8 32.7 427.0 28.7 630.0 

May 104.0 60.0 102.5 67.5 64.3 958.0 63.1 995.0 

Jun 95.3 57.7 95.8 56.9 64.6 992.0 64.6 1090.0 

Jul 37.9 9.8 37.5 11.5 28.3 397.0 28.2 504.0 

Aug 35.7 4.4 35.5 4.7 19.3 189.0 19.4 227.0 

Sep 23.0 3.7 23.6 2.8 19.0 126.0 19.1 132.0 

Oct 13.0 4.1 12.8 3.6 18.0 96.0 18.0 106.0 

Nov 6.9 1.0 7.2 1.0 17.0 80.0 16.8 94.0 

Dec 9.0 8.1 9.1 5.4 15.0 77.0 14.0 72.0 
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Table 3 Additional peak regions selected to calculate statistics for Case 2 (Unregulated Snake 

River).  

High Flows 
Events From To Total Volume (m3/s) 
Peak 1 May 6, 1996 June 12, 1996 2835.93 
Peak 2 May 14, 1997 June 18, 1997 4085.84 
Peak 3 April 23, 1998 June 29, 1998 3778.32 
Peak 4 May 23, 1999 June 2, 1999 968.15 
Peak 5 April 18, 2000 June 5, 2000 1732.42 

Normal Flows 
Peak 6 April 20, 1996 May 16, 1996 1263.78 
Peak 7 April 26, 1997 May 2, 1997 441.18 
Peak 8 April 29, 1999 May 13, 1999 726.89 

Low Flows 
Peak 9 Nov. 9, 1996 March 7, 1997 1912.83 

Peak 10 Dec. 10, 1997 March 16, 1998 1405.08 
Peak 11 Dec. 10, 1998 March 12, 1999 1218.67 
Peak 12 Dec. 4, 1999 March 15, 2000 1336.50 
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Methodology development for streamflow disaggregation

Target Station (TS)
(Monthly Streamflow)

Preprocessing for gap filling,
when necessary

Select the months to be
disaggregated (e.g., July 2000)

Source Station (SS)
(Monthly and daily Streamflow)

Observe 3 month data window
centered on the selected month

(e.g., June August 2000)

Find the closest 3 month data
from observed records

(e.g., June August, 1980 2005)

Compute RMSE of 3 month data

Select the months and year from SS with the lowest RMSE
for 3 month data window at TS

(e.g., July 1985)

Streamflow Index (SIss) = Daily Flow (SS)
Monthly Flow (SS)

Disaggregated Daily Flow at TS = SIss * Monthly Flow (TS)

Postprocessing (Cubic Spline Interpolation),
when necessary
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r = 0.99
R2 = 0.98
E = 0.98
Bias (%) = 0.02
RMSE = 8.35 cms

A
cc

ep
te

d 
M

an
us

cr
ip

t 
N

ot
 C

op
ye

di
te

d

Journal of Hydrologic Engineering. Submitted June 4, 2012; accepted March 13, 2013; 
   posted ahead of print March 15, 2013. doi:10.1061/(ASCE)HE.1943-5584.0000818

Copyright 2013 by the American Society of Civil Engineers

J. Hydrol. Eng. 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Id
ah

o,
U

ni
ve

rs
ity

 O
f 

on
 0

3/
19

/1
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



170
175
180
185
190
195

Peak 1

High

(March 1 30, 1996)

20
25
30
35
40
45

Peak 9

Average

(June 23 Aug 08, 1996)

3

5

7

9

11

Peak 13

Low

(Nov 1, 1997 Jan 15, 1998)

150
175
200
225
250
275

Peak 4

(May 22, 1997 June 10, 1998)

30
35
40
45
50
55

Peak 10

(July 17, 1997 August 18, 1997)

3

5

7

9

11

Peak 14

(Nov 1, 1998 Jan 12, 1999)

180

185

190

195

200

Peak 6

(March 8 29, 1999)

45
50
55
60
65
70

Peak 11

(March 1 April 08, 1998)

3

6

9

12

15

Peak 15

(Nov 1, 1999 Jan 31, 2000)

A
cc

ep
te

d 
M

an
us

cr
ip

t 
N

ot
 C

op
ye

di
te

d

Journal of Hydrologic Engineering. Submitted June 4, 2012; accepted March 13, 2013; 
   posted ahead of print March 15, 2013. doi:10.1061/(ASCE)HE.1943-5584.0000818

Copyright 2013 by the American Society of Civil Engineers

J. Hydrol. Eng. 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Id
ah

o,
U

ni
ve

rs
ity

 O
f 

on
 0

3/
19

/1
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

0
5
0

1
0
0

1
5
0

2
0
0

2
5
0

D
a

il
y

 S
tr

e
a

m
fl

o
w

 (
c

m
s

)

Months

A
cc

ep
te

d 
M

an
us

cr
ip

t 
N

ot
 C

op
ye

di
te

d

Journal of Hydrologic Engineering. Submitted June 4, 2012; accepted March 13, 2013; 
   posted ahead of print March 15, 2013. doi:10.1061/(ASCE)HE.1943-5584.0000818

Copyright 2013 by the American Society of Civil Engineers

J. Hydrol. Eng. 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Id
ah

o,
U

ni
ve

rs
ity

 O
f 

on
 0

3/
19

/1
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



0

20

40

60

80

100

120

140

160

180

200

St
re

am
flo

w
 (c

m
s)

Year

Salt River near Palisades Reservoir (Target Station)
Snake River near Jackson Lake (Source Station)

A
cc

ep
te

d 
M

an
us

cr
ip

t 
N

ot
 C

op
ye

di
te

d

Journal of Hydrologic Engineering. Submitted June 4, 2012; accepted March 13, 2013; 
   posted ahead of print March 15, 2013. doi:10.1061/(ASCE)HE.1943-5584.0000818

Copyright 2013 by the American Society of Civil Engineers

J. Hydrol. Eng. 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Id
ah

o,
U

ni
ve

rs
ity

 O
f 

on
 0

3/
19

/1
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Months
1996 1997 1998 1999 2000

r = 0.92
R2 = 0.84
E = 0.83
Bias (%) = 1.83
RMSE = 9.03 cms

A
cc

ep
te

d 
M

an
us

cr
ip

t 
N

ot
 C

op
ye

di
te

d

Journal of Hydrologic Engineering. Submitted June 4, 2012; accepted March 13, 2013; 
   posted ahead of print March 15, 2013. doi:10.1061/(ASCE)HE.1943-5584.0000818

Copyright 2013 by the American Society of Civil Engineers

J. Hydrol. Eng. 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Id
ah

o,
U

ni
ve

rs
ity

 O
f 

on
 0

3/
19

/1
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

0
2
0

4
0

6
0

8
0

D
a

il
y

 S
tr

e
a

m
fl

o
w

 (
c

m
s

)

Months

A
cc

ep
te

d 
M

an
us

cr
ip

t 
N

ot
 C

op
ye

di
te

d

Journal of Hydrologic Engineering. Submitted June 4, 2012; accepted March 13, 2013; 
   posted ahead of print March 15, 2013. doi:10.1061/(ASCE)HE.1943-5584.0000818

Copyright 2013 by the American Society of Civil Engineers

J. Hydrol. Eng. 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Id
ah

o,
U

ni
ve

rs
ity

 O
f 

on
 0

3/
19

/1
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Months
1996 1997 1998 1999 2000

r = 0.93
R2 = 0.85
E = 0.84
Bias (%) = 1.80
RMSE = 5 cms

A
cc

ep
te

d 
M

an
us

cr
ip

t 
N

ot
 C

op
ye

di
te

d

Journal of Hydrologic Engineering. Submitted June 4, 2012; accepted March 13, 2013; 
   posted ahead of print March 15, 2013. doi:10.1061/(ASCE)HE.1943-5584.0000818

Copyright 2013 by the American Society of Civil Engineers

J. Hydrol. Eng. 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Id
ah

o,
U

ni
ve

rs
ity

 O
f 

on
 0

3/
19

/1
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.




