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Abstract. Streamflow hydrograph analysis has long been used for separating streamflow into baseflow and surface-runoff 

components, providing critical information for studies in hydrology, climate and water resources. Defects known with 

established methods include the lack of physics and arbitrary choice of separation parameters, problems in identifying 

snowmelt runoff, and limitations on watershed size and hydrogeological conditions. In this study, a GRACE-based model 10 

was developed to address these weaknesses and improve hydrograph separation. The model is physically based and does not 

require a priori parametrisation. The new model was compared with six hydrograph separation methods provided with the 

U.S. Geological Survey Groundwater Toolbox. The results demonstrated robust estimate by the new model particularly in 

filtering out the bias of snowmelt runoff in baseflow estimate. This new model is specifically suitable for applications over 

large watersheds which is complementary to the traditional methods that are limited by watershed size. The output from the 15 

model also includes estimates for watershed hydraulic conductivity and drainable water storage, which are useful parameters 

in evaluating aquifer properties, calibrating and validating hydrological and climate models, and assessing regional water 

resources. 

1 Introduction 

A streamflow hydrograph is the time-series record of streamflow at a gauging site. Streamflow includes baseflow (the 20 

longer-term delayed flow from natural water storage such as groundwater discharge from shallow unconfined aquifers) and 

quick flow (or surface runoff, the short-term response to a rainfall event or snow melt). Separating streamflow observed at a 

gauging site into baseflow and surface runoff helps characterise watershed hydrogeology and understand the water dynamics 

such as rainfall-runoff relationships and climate change impact on groundwater discharge. Information on baseflow and 

surface runoff is also critical when dealing with a wide range of water-related issues such as flow regulations, water quality, 25 

habitat, reservoir design and operation, and hydroelectric power generation. 

Streamflow hydrograph analysis has long been used for separating streamflow into baseflow and surface runoff components 

and can be traced back to Boussinesq (1904) and Maillet (1905). A wide variety of approaches have evolved since then and 

several reviews have described this development including Hall (1968), Nathan and McMahon (1990), Tallaksen (1995) and 
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Smakhtin (2001). The approaches started with manual separation of the streamflow hydrograph into surface runoff and 30 

baseflow. Manual approaches are time consuming and inexact. Results derived from manual approaches can be difficult to 

replicate among investigators. Attempts to automate manual methods with computers allowed fast and convenient baseflow 

estimation for multiple watersheds with various spatiotemporal scales, and removed some of the subjectivity inherent in the 

manual approaches (Arnold et al., 1995; Sloto and Crouse, 1996). However, these approaches basically rely on determining 

the points where baseflow intersects the rising and falling limbs of the surface runoff response, which are essentially 35 

arbitrary (Szilagyi and Parlange 1998). Various digital filtering techniques with large variations in complexities have also 

been used for hydrograph separation, but they still suffer from the lack of hydrological basis and the disadvantage of 

arbitrary choice of separation parameters (Chapman, 1999; Furey and Gupta 2001; Eckhardt 2005; Piggott et al., 2005; Foks 

et al., 2019; Shao et al., 2020). The results from these approaches often need to be carefully assessed before they are 

considered to be hydrologically valid. In particular, most of the existing algorithms are developed and tested for rainfall‐40 

dominated watersheds, and few studies have examined their suitability for snowmelt‐dominated systems. Applying 

algorithms and parameters obtained from rainfall-dominated systems to snowmelt-dominated systems could cause large 

uncertainties (Voutchkova et al., 2019). Indeed, incorrectly identifying snowmelt runoff as groundwater discharge has long 

been hypothesized but, to the best of our knowledge, no studies have quantified this bias. Another limitation for the existing 

approaches is that most of them are limited to watersheds size of no more than 1,000-2,000 km2 (Rutledge, 1998). Despite 45 

these limitations, traditional hydrograph separation approaches are still widely used because of the modest data requirements 

and ease of implementation. Recent improvement in hydrograph separation includes new parameterisation strategies 

(Pelletier and Andréassian, 2020) and recognition of multiple baseflow components in the streamflow (Curtis et al., 2020; 

Stoelzle et al., 2020). Nevertheless, since traditional hydrograph separation methods are based on a number of 

simplifications and assumptions that limit their applicability, previous studies have widely recognised that more effort is 50 

required to evaluate the limitations and their effects, and when possible, the methods should be combined with other methods 

and data to address these limitations (Hooper and Shoemaker, 1986; Stewart et al., 2007; Rosenberry and LaBaugh, 2008; 

Miller et al., 2014;). 

For a watershed with certain hydrogeological settings, baseflow is primarily driven by the subsurface drainable water 

storage. Due to the subsurface heterogeneity in soils and aquifers, subsurface water storage over a large spatial domain is 55 

difficult to determine using traditional observation methods such as in situ soil moisture sensors and groundwater wells. This 

poses a major challenge for studying the water storage-baseflow relationships. The development of the Gravity Recovery 

and Climate Experiment (GRACE) satellites, which were launched in 2002, has provided opportunity to overcome this 

challenge. GRACE provides monthly changes in total water storage (TWS) derived from time-variable gravity observations 

(Tapley et al., 2004). As the first technique for large-scale TWS measurement, GRACE observations have enabled a wide 60 

range of novel research advancing knowledge for water science and water resources. In the area of river flow hydrology, the 

innovations include applying GRACE data for quantifying watershed-level drainable water storage (Wang and Russell, 

2016; Tourian et al., 2018; Macedo et al., 2019; Riegger, 2020), estimating snow mass and snowmelt runoff (Wang et al., 
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2017), characterizing storage-streamflow relationship and climate change impacts (Riegger and Tourian, 2014; Sproles et al., 

2015; Wang 2019), and assessing flood potential (Reager et al., 2014). In particular, Macedo et al. (2019) used empirical 65 

approach and GRACE TWS to estimate non-winter season baseflows at 12 gauge locations distributed throughout the 

Mississippi River basin in US. In contrast, Wang (2019) and Wang et al. (2017) used winter season data to develop GRACE-

based baseflow models for cold region watersheds in Canada. Wang (2019) also revealed the dynamic change of watershed 

hydraulic conductivity with freezing temperature in winter and expanded the foundation for modelling year-round baseflow 

using GRACE observations. 70 

The objective of this paper is to present a novel method for streamflow hydrograph separation using GRACE satellite 

observations. The method improves hydrograph separation through addressing the weaknesses of traditional methods. The 

model is demonstrated using the streamflow hydrograph measured at the gauge station for the cold region Albany River 

watershed located in Canada. The results of our approach are compared with those obtained from six widely accepted 

methods for streamflow hydrograph analysis provided by the U.S. Geological Survey (USGS) Groundwater Toolbox 75 

(Barlow et al., 2015). The output from this study also includes watershed hydraulic conductivity and drainable water storage. 

These parameters are useful in the evaluation of aquifer properties, for input to hydrological and climate models, and for 

assessment of water resources. The rest of this paper is organized as follows: Section 2 describes the method. Section 3 gives 

the study region and datasets. The results are provided in Section 4 and discussed in Section 5, followed by conclusion 

remarks in Section 6. A brief description of the six USGS hydrograph separation methods and more details on the datasets 80 

used in this study are provided in the supplementary materials for this paper. 

2 Method 

Our GRACE-based hydrograph separation method is based on two assumptions. First, the total water storage change of a 

watershed (Stot) is contributed by the changes of (1) surface water (Ss) which contributes to surface runoff, (2) subsurface 

water (Sg) which has a delayed discharge and contributes to baseflow and, (3) non-dischargeable water (Sn) which makes no 85 

contributions either to surface runoff or baseflow, or snow in this study. Second, the total streamflow observed at a gauge 

station (Qobs) is composed of surface runoff (Qr) and baseflow (Qb). With the assumptions, we have: 

 

𝑆𝑡𝑜𝑡(𝑡) = 𝑆𝑠(𝑡) + 𝑆𝑔(𝑡) + 𝑆𝑛(𝑡) (1) 

𝑄𝑜𝑏𝑠(𝑡) = 𝑄𝑟(𝑡) + 𝑄𝑏(𝑡) (2) 90 

 

In this study, all the units are in mm (depth of water) for water amount variables (Stot, Ss, Sg, Sn), and mm/day for water flow 

variables (Qobs, Qr, Qb), unless specified otherwise. At long-time scales such as monthly (t), we ignore the possible 

desynchrony between storage change and the observed flow which could be due to the water travel time from the site of flow 

generation to the gauging station. For a watershed without significant surface water retention capacities, the surface water 95 
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storage change Ss represents the amount of surface runoff Qr. Otherwise, Ss can be regarded as the amount of water above the 

surface water holding capacity. In this case, the surface water which is under the surface water holding capacity is in fact 

included in Sg which doesn’t contribute to surface runoff but to baseflow.  

The Sg is connected with Qb by the following baseflow model developed in Wang (2019) for Albany River watershed: 

 100 

𝑄𝑏(𝑡) = 𝑘(𝑇)(𝑆𝑔(𝑡) − 𝑎), (3) 

where 𝑘(𝑇) = 𝑘0
𝑇𝑐

𝑇𝑎𝑐𝑐(𝑡)+𝑇𝑐
, (Tacc≤0). (3a) 

 

The a (mm) in Equation (3) is a parameter representing the threshold value of water storage below which the watershed 

discharge (or baseflow) would be zero, or above which the water storage is defined as drainable water storage which can be 105 

regarded as the water in a basin that is connected to streamflow and, with no additional precipitation input, would drain out 

of the basin as time advances towards infinity (Macedo et al., 2019). This parameter was first introduced to baseflow 

modelling in Wang et al. (2017). It is necessary to include in constructing the storage-baseflow relationship when using 

GRACE observations since the GRACE TWS represents the anomaly rather than absolute amount of water storage in a 

watershed. 110 

The k (day-1) is the watershed lump hydraulic conductivity for subsurface water to discharge. The k is commonly regarded as 

a static parameter being determined by watershed hydrogeological characteristics, such as geomorphology, soil properties, 

and aquifer settings. For cold region watersheds, Wang (2019) recently found that the k is quite dynamic in the winter season 

and it can be significantly reduced with freezing conditions. In this study, the k is estimated using Equation (3a) as proposed 

in Wang (2019), where Tacc (°C day) is the accumulated daily air temperature from the start of winter and it is reset to 0 115 

when the winter season is over. The Tacc represents the accumulated coldness at a specific time in winter and it is used as a 

proxy for freezing conditions. It has the advantage of being simple and easy to obtain. The k0 in Equation (3a) is the base 

value of k, or the k when soil frost is not present. The Tc (°C day) is a parameter and when Tacc reaches the value of Tc, the 

conductivity will be reduced by half. The relationship is supported by results from process-based land surface model 

simulations for soil ice content variations with accumulated temperature in winter (see Fig. S1 in Wang, 2019). 120 

The baseflow model contains three unknown parameters: k0, Tc, and a. For cold region watersheds in winter with frozen soil 

and snow-covered ground surface, the observed streamflow is solely contributed by baseflow so that Qb=Qobs. This provides 

an advantage for the calibration of the baseflow model and the solution of these parameters. In addition, by using only-

winter data the model calibration reduces the impact of a number of hydrological processes on quantifying the storage-

baseflow relationships, such as evapotranspiration, soil surface infiltration and groundwater recharge. A nested numerical 125 

iteration scheme with the criteria of maximum Nash-Sutcliffe modelling efficiency (NSE) was used in the model calibration. 

With the assumptions of Equations (1) and (2), and the baseflow model of Equation (3), the baseflow contribution to the total 

streamflow can be obtained analytically: 
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𝑄𝑏(𝑇) =
𝑘0𝑇𝑐[𝑆𝑡𝑜𝑡(𝑡)−𝑄𝑜𝑏𝑠(𝑇)−𝑆𝑛(𝑡)−𝑎]

𝑇𝑎𝑐𝑐(𝑡)+𝑇𝑐−𝑘0𝑇𝑐
. (4) 130 

 

Surface runoff is then calculated as the difference between total streamflow and the estimated baseflow. The estimation for 

baseflow and surface runoff is made for their monthly values, constrained mainly by the monthly temporal resolution of 

GRACE data. 

The six methods for streamflow hydrograph separation provided with the USGS Groundwater Toolbox (Barlow et al., 2015) 135 

include PART, HYSEP (Fixed Interval, Sliding Interval, and Local Minimum), and BFI (Standard and Modified). A brief 

description for each of the methods is provided in the supplementary material. More details can be found in Barlow et al. 

(2015) and Sloto and Crouse (1996). 

3 Study Region and Datasets 

The streamflow hydrograph measured at the mouth of the Albany River was used for the model demonstration. The Albany 140 

River is located in the Far North of Ontario, Canada, predominantly between 49 and 52 degrees north (Fig. 1). It has a length 

of 982 kilometres and a drainage area of 137,230 km2. The river flows northeast from Lake St. Joseph at an elevation of 371 

metres into James Bay. The headwater of the watershed is situated in the Canadian Shield physiographic region which is 

characterized by a thin soil layer over Precambrian bedrock and moderate topographic relief. The middle and lower portions 

of the watershed are within the Hudson Bay Lowlands (HBL) physiographic region which is characterized by Paleozoic 145 

bedrock overlain by glacial sediment and poorly drained organic deposits with low topographic relief. Within the study area, 

the Canadian Shield landscape is dominated by Boreal forest which transitions into Barren Boreal and Taiga vegetation 

zones within the HBL. The Albany River watershed is highly vulnerable to flooding in spring due to snowmelt and sensitive 

to climate change (McLaughlin and Webster, 2014). 
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 150 

Figure 1. Location and geometry of the Albany River watershed and the gauge station. Study area in red on inset of Canada 

(© OpenStreetMap contributors 2020. Distributed under a Creative Commons BY-SA License). 

 

Four main datasets were used in this study, which include air temperature (T) from the Global Land Data Assimilation 

System (GLDAS) meteorological forcing, snow water equivalent (Sn) from the land surface model EALCO (Ecological 155 

Assimilation of Land and Climate Observations, Natural Resources Canada) V.4.2, river flow measurement at gauging 

station 04HA001 (Qobs), and total water storage change (Stot) from GRACE Release-06 V03 spherical harmonic (SH) 

solutions. Details of the datasets and their quality evaluations are given in the supplementary material. The study time period 

covers 15 years of 2002–2016. The watershed hydroclimatic conditions characterised for this period from these datasets are 

summarised below. 160 

The watershed has a cold, humid climate. During the study period the watershed had a mean annual temperature of 1.0°C. 

Daily temperature dropped below 0C on average in late October to early November, and rose above 0C in middle April of 

the next year (Fig. 2). Both of the transitional times have large inter-annual variations for more than a month. The lowest air 

temperature in the study period was colder than -25C in late January. The extremely low temperature and low solar 

radiation in the winter season resulted in deep-frozen condition for the watershed in winter, which minimized the possible 165 

contribution of surface runoff to streamflow. Also, the long winter season commonly exceeded five months of each year and 

provided a relatively large amount of data for baseflow model calibration. 
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Figure 2. Daily air temperature for the Albany River watershed over the study period (2002-2016). Orange dots represent the 170 

15-year mean values. 

 

The watershed has a large water budget surplus for aquifer recharge and to sustain year-round river flow. Annual 

precipitation for the study period averaged 784 mm (Fig. 3), about twice of its annual evapotranspiration (Wang et al., 2013). 

Precipitation in summer (rain) accounted for 71% of the total annual precipitation. The rain intensity was mostly under 20 175 

mm/day, which is fairly low, and consequently large rain induced streamflow peaks are uncommon. The rest of the 

precipitation occurred in winter as snow, with an intensity rarely over 10 mm/day. The snow mostly accumulated from 

freeze-up till the melt season in the spring (Fig. 4).  
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Figure 3. Daily precipitation for the Albany River watershed over the study period (2002-2016). Orange line represents the 

accumulated precipitation in a year using the 15-year mean daily values. Blue dashed lines represent the time when air 

temperature rose above (left), or dropped below (right), 0C. 

 

 185 

 

Figure 4. Daily snow water equivalent for the Albany River watershed simulated by the EALCO model over the study period 

(2002-2016). Orange dots represent the 15-year mean values. 

 

The Albany River had an annual mean flow, during the study period, of 1420 mᶟ/s (1.04 mm day-1), with an annual total of 190 

44.8 km3 (380 mm). The peak flow for each year occurs mostly in May due to snowmelt (Fig. 5). The largest peak flow 

occurred in 2006 and was 8000 mᶟ/s (5.86 mm day-1). Summer flows have minor-peaks from rain events and occurred 

sporadically throughout the season. They were generally less than half the spring snowmelt peak. The 15-year (2002-2016) 

average flows showed a pattern of sharp decrease from May to August, and then an increase in early autumn up to freeze-up. 

River flow in the winter season decreased smoothly with time and it presented a typical baseflow recession process, 195 

confirming our assumption of absent surface runoff due to the frozen conditions. The inter-annual differences in the 

baseflow values were large in early winter, with a range from over 4600 mᶟ/s (3.37 mm day-1) to just 350 mᶟ/s (0.26 mm day-

1) depending on the pre-winter water conditions of the watershed. After discharging over an entire winter season, and before 

the start of the snowmelt season, the river had flow values within a small range of 100-200 mᶟ/s (0.07- 0.15 mm day-1). The 

winter season mean river flow varied from 200 mᶟ/s to 700 mᶟ/s (0.15-0.51 mm day-1), with an overall average of 420 mᶟ/s 200 

(0.30 mm day-1). 
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Figure 5. Daily streamflow measured at the gauge station 04HA001 (see Fig. 1) of the Albany River over the study period 

(2002-2016). Orange dots represent the 15-year mean values. 205 

 

The watershed total water storage had a maximum variation range of 200 mm during the 15-year study period (Fig. 6). The 

lowest TWS values appeared in September and the highest values occurred in April before snowmelt began. Obviously, the 

increase in TWS in the fall-winter season is mainly due to the snow accumulation and low water loss from snow 

sublimation, and the decrease in TWS in the spring-summer season is mainly due to the large amount of discharge of 210 

snowmelt water and high evapotranspiration. The inter-annual variations in TWS for a specific month was large, with a 

range of 100 mm on average. 
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Figure 6. Monthly total water storage anomaly (TWS) for the Albany River watershed over the study period (2002-2016, 215 

relative to the mean value for the period). The grey lines represent the time period of GRACE observations used for deriving 

the TWS. 

 

4 Results 

The baseflow model calibration results and performance evaluation (Table 1) show that the modelled and observed monthly 220 

baseflow values in the winter seasons of 2002-2016 achieved a Pearson correlation coefficient (R) of 0.91 (p<0.001). The 

Nash–Sutcliffe efficiency coefficient (NSE) of the model reached 0.823. The model suggested that the watershed had a lump 

hydraulic conductivity (k0) for subsurface water discharge of 7.45×10-3 day-1. The conductivity was reduced by half when the 

accumulated freezing temperature reached -595 °C·day (Tc) in winter. When the watershed reached its lowest water storage 

during the 15 years, which was observed in September 2006, the watershed still had 45.7 mm (5.4 km3) water available for 225 

discharge (a). On average, the model suggested that the drainable water storage of the watershed was 152.4 mm (18 km3) 

during the 15-year study period. The seasonal variation of the drainable water storage, from its lowest value of 103.6 mm 

(12.2 km3) in September to its highest value of 196.3 mm (23.2 km3) in April, exceeded over 60% of its average value (Fig. 

7). The interannual variation of the drainable water storage was also large. The largest interannual variation appeared in 

September, with a value of 118.7 mm (14 km3), and the lowest interannual variations appeared in March, with a value of 230 

60.5 mm (7.1 km3). The overall annual variation range was 87.0 mm (10.3 km3). 
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Table 1. Baseflow model calibration and test results. 

Model Parameter Description Value 

𝑄(𝑡) = 

𝑘0
𝑇𝑐

𝑇𝑎𝑐𝑐(𝑡) + 𝑇𝑐
(𝑆(𝑡) − 𝑎) 

k0 (×10-3 day-1) 
Watershed lump conductivity for water 

discharge (baseflow) 
7.45 

Tc (°C·day) 
Parameter for impact of freezing 

temperature in winter on k0 
-595 

a (mm) 

Drainable water storage threshold 

value, relative to the minimum Stot 

observed during the study period 

-45.7 

Model Performance 

MAE (mm day-1) Mean absolute error 0.05 

R Pearson correlation coefficient 0.91 

NSE Nash–Sutcliffe model efficiency 0.823 

p Significance level <0.001 

 

 235 

 

Figure 7. Drainable water storage estimated for the Albany River watershed. The blue line represents the mean values, and 

the vertical bars represent the range of annual variation per month for the 15-year of 2002-2016. 

 

The baseflow hydrograph estimated by our model is shown in Fig. 8(a), compared with the corresponding results obtained 240 

from PART (Fig 8b), HYSEP (Fixed Interval, Sliding Interval, and Local Minimum) (Fig 8c), and BFI (Standard and 

Modified) (Fig 8d). The monthly means over the 15-year study period are compared in Fig. 9, with the corresponding Base 

Flow Index (BFI) values (or the ratio of baseflow to total streamflow) shown in Fig. 10. Overall, the baseflow and BFI 
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estimated from these seven methods showed general agreement. Their similarities and differences can be generalised by the 

following three time periods. 245 

(1) Winter Season. The assumption for our model is that in winter season, when the watershed is in a frozen 

condition, there is no surface runoff and baseflow is the only contribution to streamflow. This can be seen from the model 

results in December, January and February when the modelled baseflow was equal to the observed streamflow, with a BFI 

value of 1.0. This is consistent with the observation of the streamflow data in Fig. 5 which exhibited typical baseflow 

recession process (Fig. 5) during these periods. The temperature during these three winter months in each year of our study 250 

period all had values significantly below 0°C. The six USGS methods also showed similar results. In particular, PART and 

the two BFI methods (Standard and Modified) estimated baseflow basically being equal to the total streamflow in January 

and February, but they estimated small but noticeable contributions of surface runoff in December (4% for PART, 9% for 

BFI-Standard and Modified). The three HYSEP methods showed relatively large difference to our model. They all estimated 

surface runoff contributions in the streamflow in each of the three winter months. The results from the HYSEP Fixed and 255 

Slide methods were virtually the same, which showed BFI values increasing from 0.88 in December to 0.92 in January and 

0.93 in February. In contrast, the HYSEP Minimum method showed different results from the other two HYSEP methods in 

December (BFI=0.77) and February (BFI=0.97). Close examinations of the data revealed no hydrological processes that 

could lead to surface runoff generation during these time periods, and the results from the three HYSEP methods are likely 

due to the defects with the algorithms of these methods and the observation noise. Despite the differences in BFI values 260 

among some of the methods as discussed above, they had little impact on the annual total baseflow estimates since the 

overall winter streamflow was very low. 

(2) Snowmelt Season. In the spring snowmelt season, total streamflow increased sharply to its annual peak in May. 

The baseflow estimated from our model also reached its annual peak at this time, representing 54% of the total streamflow 

(Fig. 9). In the rising limb of the streamflow peak, our model obtained its lowest BFI value in a year, which was 0.44 for 265 

April. This is consistent with the fact that in the early snowmelt season, the soil was in a frozen condition which prevented 

water from infiltrating the surface, resulting in the snowmelt water mostly contributed to the streamflow as surface runoff. At 

the same time, aquifer discharge (baseflow) remained the lowest in the year. In the falling limb of the spring streamflow 

peak, our model estimated a much smaller decreasing rate in baseflow than the total streamflow. The modelled BFI value for 

June was 0.69, a significant increase from its values in April (0.44) and May (0.54). The six USGS methods also showed 270 

similar patterns in the baseflow and BFI variations, but in some cases with substantial differences. Specifically, all six 

methods also obtained their highest baseflow values during the peak flow time in May, their lowest BFI values in the rising 

limb in April, and continuous increase in BFI values through the snowmelt season. The large decrease in BFI from February 

to April (Fig. 10) reflects the snowmelt runoff contribution to the streamflow. Overall, our model showed the lowest 

baseflow and BFI values among the seven methods during the snowmelt season. It is worth noting that the baseflow/BFI 275 

values for April from our model was close to those from four of the USGS methods, namely HYSEP Minimum, the two BFI 

methods and PART. However, this better agreement in model results may not suggest more robust estimate in baseflow, 
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which will be discussed later. Among the six USGS methods, the most striking difference was the high baseflow/BFI values 

by the HYSEP Fixed and Slide methods throughout the snowmelt season. For example, the BFI estimated by these two 

methods was about 0.64 for the month of April, while the estimates from the other five methods including our model were 280 

around 0.42. The BFI-Modified method estimated a relatively high baseflow/BFI value for the peak flow month of May, and 

it is worth mention that this is the only month in a year that the BFI-Modified method showed significantly different result 

from the BFI-Standard method. Another noticeable outlier is from PART in the falling limp (June), which showed a 

baseflow/BFI value similar to that in the peak flow time of May. 

(3) Summer Season. The results estimated by the seven methods were fairly close in summer season (Fig. 9). The 285 

general pattern can be characterized by the low baseflow in August-September when the watershed had the lowest water 

storage, and a second peak around October before the winter season starts. In terms of BFI, all the methods estimated 

relatively high BFI values in August, with the highest value estimated by our model (Fig. 10). During the second peak in 

October, our model showed a large decrease of BFI (0.76) from the summer low-flow in August (BFI=0.96), suggesting the 

increased contribution of surface runoff from rain to the streamflow. In contrast, the decrease of BFI during this transitional 290 

period was not obvious for five other models except HYSEP Minimum. 
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Figure 8. Hydrograph separation of the Albany River for 2002-2016. Data shown are monthly values for the observed total 

streamflow (black line/dot in each panel) and the baseflow estimated by the methods of (a) this study, (b) PART, (c) 295 

HYSEP, including Fixed Interval, Sliding Interval, and Local Minimum, and (d) BFI, including Standard and Modified. 
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Figure 9. Observed total streamflow and estimated baseflow by different methods for the Albany River. Data shown are 

monthly means in the 15 years of 2002-2016. 300 

 

 

Figure 10. Baseflow index (BFI) estimated by different methods for the Albany River. Data shown are calculated using the 

15-year (2002-2016) means of baseflow and streamflow. 
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contribution of baseflow to the total streamflow estimated by our model was 71.7% for the 15 years. In comparison, the 

corresponding estimates by the six USGS methods ranged from 67.6% (HYSEP-Minimum) to 79.7% (HYSEP-Slide) (Table 
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2). The PART method showed the best agreement with our model, with a correlation coefficient of R=0.92 for the monthly 

baseflow estimates (Fig. 11). The difference between the results from HYSEP-Fixed and HYSEP-Slide was very small, but 310 

both differed significantly with the HYSEP-Minimum method. The HYSEP-Minimum method estimated lower baseflow 

than the other two HYSEP methods systematically year-round, and the difference was especially significant in the peak flow 

season and early winter. The BFI-Standard and Modified methods obtained very similar results, except only in three months 

during the 15 years when the Modified methods estimated much higher baseflow than the Standard method, and all three 

exceptions appeared in May, the month with peak streamflow. 315 

 

Table 2. Average baseflow and baseflow index (BFI) estimated for 2002-2016. 

Method This study PART 
HYSEP BFI 

Fixed Minimum Slide Standard Modified 

Baseflow (mm/day) 0.585 0.605 0.649 0.552 0.650 0.587 0.609 

BFI 0.717 0.742 0.795 0.676 0.797 0.719 0.746 

 

 

 320 

Figure 11. Comparisons of baseflow estimated from this study with those from PART, HYSEP (Fixed Interval, Sliding 

Interval, and Local Minimum), and BFI (Standard and Modified). 
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5 Discussion 

Snowmelt is a known hydrologic process that could cause problems with the traditional hydrograph separation methods. 325 

Snowmelt in high latitudes can be a slow process which lasts for weeks depending on the rising temperature trend of the 

spring season. The hydrograph fluctuations caused by snowmelt runoff may have very different characteristics from those 

caused by rain events. The algorithms for the traditional hydrograph separation methods may incorrectly identify streamflow 

increase contributed by snowmelt runoff as groundwater discharge (Barlow et al., 2015). Indeed, we found that the baseflow 

values from the six USGS methods during the snowmelt season were all higher than that from our model, suggesting 330 

overestimation of baseflow due to inclusion of snowmelt runoff. This difference is particularly large with the HYSEP Fixed 

and Slide methods (Fig. 9). Our model provides the most conservative estimate of baseflow and may be the most robust for 

filtering out snowmelt runoff bias in baseflow estimates. 

It is worth noting that among the six USGS methods, the HYSEP Minimum method provided the lowest estimate of 

baseflow almost year-round in all seasons. Similar results were also report in Curtis et al. (2020) where the six USGS 335 

methods were applied to 312 watersheds in the USA for baseflow separation. They found that the HYSEP Minimum method 

provided the lowest estimate of baseflow, and thereafter suggested HYSEP Minimum as the most robust method for 

removing snowmelt runoff in baseflow estimates. From our analyses, we recommend that the conservative estimate of 

baseflow during the snowmelt season by the HYSEP Minimum method is likely due to the systematic underestimation of 

baseflow in its hydrograph separation algorithm. 340 

In the early snowmelt season of April before the streamflow peak, our model estimated similar baseflow values to four of the 

six USGS methods, in contrast to its consistent lower values for March, May and June than all of the USGS methods. Where 

there is better agreement in model results it does not necessarily mean more robust estimate. On the contrary, it is reasonable 

to believe that this could be due to the overestimation of baseflow by our model for April. One assumption of our model is 

that all the drainable liquid water storage under the surface water holding capacity belongs to the subsurface water storage 345 

and contributes to watershed discharge or river baseflow. In reality, in the early snowmelt season, the soil is still frozen, 

which will prevent the snowmelt water from surface infiltration and contributing to baseflow. This often results in surface 

water puddles in spring as commonly observed in cold regions. Our above model assumption could be challenged under this 

condition and it will lead to the overestimation of baseflow. 

Large size and low relief of a watershed are also the factors of caution when using the traditional hydrograph separation 350 

methods. Rutledge (1998) recommended a maximum drainage area of about 1,300 km2 for the application of these methods. 

The low relief of a watershed may also affect the time period of surface runoff that can be accurately determined by Equation 

(A1), and this effect could be exacerbated by the large drainage area of a watershed. Halford and Mayer (2000) and Halford 

(2008) also questioned the use of Equation A1 to determine the duration of surface runoff for large watersheds. In contrast, 

the algorithm of our model is not limited by watershed size and relief, and it is specifically suitable for applications over 355 
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large watersheds using GRACE observations which has a large footprint of over 105 km2. In this study, we used the Albany 

River watershed for demonstration which has a total drainage area of over 137×103 km2, or two orders of magnitude larger 

than that suggested by traditional methods. The method could be applied to small watersheds when high-resolution 

information is available for water storage. 

 360 

6 Conclusions 

A GRACE-based hydrograph separation model is developed in this study to address the weaknesses of traditional methods in 

baseflow estimate, such as the lack of physics and arbitrary choice of separation parameters, problems in identifying 

snowmelt runoff, and limitations on watershed size and other conditions. The model first constructs a baseflow model using 

winter data, and then uses streamflow observations to solve the baseflow in all seasons. It is physically-based and does not 365 

require a priori parametrisation. The hydrograph separation results from our model can be generally characterized by the 

absence of surface runoff in winter when the watershed was covered by snow and in frozen conditions, high volume but low 

percentage contribution from baseflow to the streamflow in the snowmelt season, and low volume but high percentage 

contribution from baseflow to the streamflow in the summer dry season. Comparisons of the model with the six hydrograph 

separation methods provided with the U.S. Geological Survey Groundwater Toolbox show that our model effectively filtered 370 

out the snowmelt runoff from baseflow estimate. The algorithm of the model is not limited by watershed size and it is 

specifically suitable for applications over large watersheds using GRACE observations, which is complementary to the 

traditional methods that are mostly limited by the size of watersheds. The model output also includes estimates for watershed 

lump hydraulic conductivity and the drainable water storage, which are useful parameters in evaluating aquifer properties, 

calibrating and validating hydrological and climate models, and assessing regional water resources. 375 

 

Data availability. Data used in this study are openly available and can be downloaded from the following links: air 

temperature: http://mirador.gsfc.nasa.gov/, snow water equivalent: ftp://ftp.ccrs.nrcan.gc.ca/ad/EMS/EALCO/, river flow: 

http://www.ec.gc.ca/rhc-wsc/, total water storage change https://podaac.jpl.nasa.gov/GRACE. 

 380 

Author contributions. S.W. conceived and implemented the research. S.W. wrote the initial version of the paper. J.L. 

contributed Fig. 1. All authors contributed to discussion and improving the paper. H.A.J.R. contributed project managerial 

support. 

 

Acknowledgements. This study was supported by the Cumulative Effects Project and Climate Change Geoscience Program 385 

of the Natural Resources Canada. 

 

https://doi.org/10.5194/hess-2020-524
Preprint. Discussion started: 1 December 2020
c© Author(s) 2020. CC BY 4.0 License.



19 

 

References 

Arnold, J. G., Allen, P. M., Muttiah, R., and Bernhardt, G.: Automated base flow separation and recession analysis 

techniques, Ground Water, 33, 1010-1018, 1995. 390 

Barlow, P.M., Cunningham, W.L., Zhai, T., and Gray, M.: U.S. Geological Survey Groundwater Toolbox, a graphical and 

mapping interface for analysis of hydrologic data (version 1.0)—User guide for estimation of base flow, runoff, and 

groundwater recharge from streamflow data: U.S. Geological Survey Techniques and Methods, book 3, chap. B10, 27 p. 

http://dx.doi.org/10.3133/tm3B10, 2015. 

Boussinesq, J.: Recherches theoretique sur l’ecoulement des nappes d’eau infiltrees dans le sol et sur le debit des sources. J. 395 

Math. Pure Appl. 10 (5th Series), 5-78, 1904. 

Chapman, T.: A comparison of algorithms for stream flow recession and baseflow separation. Hydrol. Process. 13, 701-714, 

1999. 

Curtis, J. A., Burns, E. R., and Sando, R.: Regional patterns in hydrologic response, a new three-component metric for 

hydrograph analysis and implications for ecohydrology, Northwest Volcanic Aquifer Study Area, USA, Journal of 400 

Hydrology: Regional Studies, 30, 100698. doi.org/10.1016/j.ejrh.2020.100698, 2020. 

Eckhardt, K.: How to construct recursive digital filters for base flow separation. Hydrol. Process., 19, 507–515, 2005. 

Foks, S. S., Raffensperger, J. P., Penn, C. A., and Driscoll, J. M.: Estimation of Base Flow by Optimal Hydrograph 

Separation for the Conterminous United States and Implications for National-Extent Hydrologic Models. Water, 11, 

1629. doi:10.3390/w11081629, 2019. 405 

Furey P. R. and Gupta V. K.: A physically based filter for separating base flow from streamflow time series. Water 

Resources Research 37(11): 2709-2722, 2001. 

Halford, K.J.: Discussion on “Update on the use of the RORA program for recharge estimation,” by Al Rutledge: Ground 

Water, v. 46, no. 1, p. 10–11, 2008. 

Halford, K.J. and Mayer, G.C.: Problems associated with estimating ground water discharge and recharge from stream-410 

discharge records: Ground Water, v. 38, no. 3, p. 331–342, 2000. 

Hall, F. R.: Base flow recessions: A review. Water Resour. Res., 4, 973–983, 1968. 

Hooper, R.P. and Shoemaker, C.A.: A comparison of chemical and isotopic hydrograph separation. Water Resour. Res., 22, 

1444–1454, 1986. 

Institute of Hydrology: Research report, v. 1 of Low flow studies: Wallingford, United Kingdom, Institute of Hydrology, 42 415 

p., 1980a. 

Institute of Hydrology: Catchment characteristic estimation manual, v. 3 of Low flow studies: Wallingford, United 

Kingdom, Institute of Hydrology, 27 p., 1980b. 

Landerer, F.: CSR/GFZ/JPL TELLUS GRACE Level-3 monthly land water-equivalent-thickness surface mass anomaly 

Release 6.0 version 03 in netCDF/ASCII/GeoTiff format. Ver. RL06 v03. PO.DAAC, CA, USA. Dataset accessed 420 

[2020-06-01] at https://doi.org/10.5067/TELND-3AC63 (/TELND-3AG63 or /TELND-3AJ63), 2020. 

https://doi.org/10.5194/hess-2020-524
Preprint. Discussion started: 1 December 2020
c© Author(s) 2020. CC BY 4.0 License.



20 

 

Landerer, F. and Swenson, S.C.: Accuracy of scaled GRACE terrestrial water estimates. Water Resour. Res., Vol 48, 

W04531, 11pp. doi: 10.1029/2011WR011453, 2012. 

Linsley, R.K., Kohler, M.A., and Paulhus, J.L.: Hydrology for engineers (3rd ed.): New York, McGraw-Hill, 508 p., 1982. 

Macedo, H. E., Beighley, R. E., David, C. H., and Reager, J. T.: Using GRACE in a streamflow recession to determine 425 

drainable water storage in the Mississippi River basin. Hydrol. Earth Syst. Sci., 23, 3269–3277. doi.org/10.5194/hess-

23-3269-2019, 2019. 

Maillet, E.: Essais d’Hydraulique Souterraine et Fluviale. Hermann Paris, 218pp, 1905. 

McLaughlin, J. and Webster, K.: Effects of a climate change on peatlands in the Far North. of Ontario, Canada: a synthesis. 

Arctic, Antarctic, and Alpine Research, 46, 84-102, 2014. 430 

Miller, M.P.,  Susong, D.D., Shope, C.L., Heilweil, V.M., and Stolp, B. J.: Continuous estimation of base flow in snowmelt-

dominated streams and rivers in the Upper Colorado River Basin: A chemical hydrograph separation approach. Water 

Resour. Res., 50, 6986–6999, 2014. 

Nathan, R. J. and McMahon, T. A.: Evaluation of automated techniques for base flow and recession analyses, Wat. Resour. 

Res., 26, 1465-1473, 1990. 435 

Pelletier, A. and Andréassian, V.: Hydrograph separation: an impartial parametrisation for an imperfect method. Hydrol. 

Earth Syst. Sci., 24, 1171–1187. doi.org/10.5194/hess-24-1171-2020, 2020. 

Pettyjohn, W.A. and Henning, R.: Preliminary estimate of ground-water recharge rates, related streamflow and water quality 

in Ohio: Columbus, Ohio State University, Water Resources Center Project Completion Report 552, 323 p., 1979. 

Piggott, A.R., Moin, S., and Southam, C.: A revised approach to the UKIH method for the calculation of baseflow: 440 

Hydrological Sciences, v. 50, no. 5, p. 911–920, 2005. 

Reager, J., Thomas, B., and Famiglietti, J.: River basin flood potential inferred using GRACE gravity observations at several 

months lead time, Nat. Geosci., 7, 588–592. doi.org/10.1038/Ngeo2203, 2014. 

Riegger, J. and Tourian, M. J.: Characterization of runoff-storage relationships by satellite gravimetry and remote sensing, 

Water Resour. Res., 50, 3444–3466. doi.org/10.1002/2013WR013847, 2014. 445 

Riegger, J.: Quantification of drainable water storage volumes on landmasses and in river networks based on GRACE and 

river runoff using a cascaded storage approach – first application on the Amazon. Hydrol. Earth Syst. Sci., 24, 1447–

1465. doi.org/10.5194/hess-24-1447-2020, 2020. 

Rosenberry, D.O. and LaBaugh, J.W.: Field techniques for estimating water fluxes between surface water and ground water: 

U.S. Geological Survey Techniques and Methods, book 4, chap. D2, 128 p. http://pubs.usgs.gov/tm/04d02/, 2008. 450 

Rutledge, A.T.: Computer programs for describing the recession of ground-water discharge and for estimating mean ground-

water recharge and discharge from streamflow records—Update: U.S. Geological Survey Water-Resources 

Investigations Report 98–4148, 43 p. http://pubs.usgs.gov/wri/wri984148/, 1998. 

https://doi.org/10.5194/hess-2020-524
Preprint. Discussion started: 1 December 2020
c© Author(s) 2020. CC BY 4.0 License.



21 

 

Shao, G., Zhang, D., Guan, Y., Sadat, M. A., and Huang, F.: Application of Different Separation Methods to Investigate the 

Baseflow Characteristics of a Semi-Arid Sandy Area, Northwestern China. Water, 12, 434. doi:10.3390/w12020434, 455 

2020. 

Sloto, R.A. and Crouse, M.Y.: HYSEP-A computer program for streamflow hydrograph separation and analysis: U.S. 

Geological Survey Water Resources Investigations Report 96–4040, 46p. http://pubs.er.usgs.gov/publication/wri964040, 

1996. 

Smakhtin, V. U.: Low flow hydrology: a review. Journal of Hydrology, 240, 147–186, 2001. 460 

Sproles, E. A., Leibowitz, S. G., Reager, J. T., Wigington, P. J., Famiglietti, J. S., and Patil, S. D.: GRACE storage-runoff 

hysteresis reveal the dynamics of regional watersheds, Hydrol. Earth Syst. Sci., 19, 3253–3272. doi.org/10.5194/hess-

19-3253-2015, 2015. 

Stewart, M., Cimino, J., and Ross, M.: Calibration of base flow separation methods with streamflow conductivity. 

Groundwater, 45, 17–27, 2007. 465 

Stoelzle, M., Schuetz, T., Weiler, M., Stahl, K., and Tallaksen, L. M.: Beyond binary baseflow separation: a delayed-flow 

index for multiple streamflow contributions. Hydrol. Earth Syst. Sci., 24, 849–867. doi.org/10.5194/hess-24-849-2020, 

2020. 

Szilagyi, J. and Parlange M.B.: Baseflow separation based on analytical solutions of the Boussinesq equation. Journal of 

Hydrology 204:251-260, 1998. 470 

Tallaksen, L. M.: A review of baseflow recession analysis. J. Hydrology, 165, 349-370, 1995. 

Tapley, B. D., Bettadpur, S., Watkins, M., and Reigber, C.: The gravity recovery and climate experiment: Mission overview 

and early results, Geophys. Res. Lett., 31, L09607. doi.org/10.1029/2004GL019920, 2004. 

Tourian, M. J., Reager, J. T., and Sneeuw, N.: The total drainable water storage of the Amazon river basin: A first estimate 

using GRACE. Water Resources Research, 54, 3290–3312. doi.org/10.1029/2017WR021674, 2018. 475 

Voutchkova, D. D., Miller, S. N., and Gerow, K. G.: Parameter sensitivity of automated baseflow separation for snowmelt‐

dominated watersheds and new filtering procedure for determining end of snowmelt period. Hydrological Processes, 33: 

876–888. doi: 10.1002/hyp.13369, 2019. 

Wahl, K.L. and Wahl, T.L.: Determining the flow of Comal Springs at New Braunfels, Texas, in Proceedings of Texas 

Water 95, August 16–17, 1995, San Antonio, Tex.: American Society of Civil Engineers, p. 77–86, 1995. 480 

Wang, S., Zhou, F., and Russell, H.A.J.: Estimating snow mass and peak river flows for the Mackenzie River basin using 

GRACE satellite observations. Remote Sensing, 9, 256. doi: 10.3390/rs9030256, 2017. 

Wang, S. and Russell, H.A.J.: Forecasting snowmelt-induced flooding using GRACE satellite data: A case study for the Red 

River watershed. Canadian Journal of Remote Sensing, 42, 203-213. doi: 10.1080/07038992.2016.1171134, 2016. 

Wang, S. and Li, J.: Terrestrial water storage climatology for Canada from GRACE satellite observations in 2002-2014. 485 

Canadian Journal of Remote Sensing, 42, 190-202. doi: 10.1080/07038992.2016.1171132, 2016. 

https://doi.org/10.5194/hess-2020-524
Preprint. Discussion started: 1 December 2020
c© Author(s) 2020. CC BY 4.0 License.



22 

 

Wang, S., Pan, M., Mu, Q., Shi, X., Mao, J., Brümmer, C., Jassal, R. S., Krishnan, P., Li, J., and Black, T. A.: Comparing 

evapotranspiration from eddy covariance measurements, water budgets, remote sensing, and land surface models over 

Canada. Journal of Hydrometeorology, 16: 1540-1560. doi: 10.1175/JHM-D-14-0189.1, 2015. 

Wang, S., Yang, Y., and Rivera, A.: Spatial and seasonal variations in actual evapotranspiration over Canada’s landmass. 490 

Hydrology and Earth System Sciences, 17, 3561–3575. doi: 10.5194/hess-17-3561-2013, 2013. 

Wang, S.: Freezing temperature controls winter water discharge for cold region watershed. Water Resources Research, 55, 

10,479-10,493. doi: 10.1029/2019WR026030, 2019. 

Zhang, Y., Wang, S., Barr, A.G., and Black, T.A.: Impact of snow cover on soil temperature and its simulation in the 

EALCO model. Cold Regions Science and Technology, 52, 355-370. doi.org/10.1016/j.coldregions.2007.07.001, 2008. 495 

https://doi.org/10.5194/hess-2020-524
Preprint. Discussion started: 1 December 2020
c© Author(s) 2020. CC BY 4.0 License.


