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Methods 

 

As in the Destouni and Verrot (2014) framework, we consider a soil depth of zls - 

z [L], with the vertical z-axis being positive upwards and zls being the land 

surface position along z. The generally variable groundwater table position at zgw 

further determines the variable depth extent of the unsaturated zone, zls - zgw, 

and that of the groundwater zone, zgw - z, within the considered soil depth zls - z. 

The land surface position is then, for simplicity, set to zls = 0, and the dynamics 

of soil moisture are analyzed in terms of depth-average volumetric water 

content θuz [-] (referred to as water content in the following) in the unsaturated 

zone, and corresponding water content θz [-] over the whole considered soil 

depth -z. 

Based on Brooks and Corey (1964), the unsaturated hydraulic 

conductivity K [LT-1] in the unsaturated zone is further related to the 

unsaturated water content θuz as: 
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where Ks [LT-1] is the saturated hydraulic conductivity and θs [-] is the saturated 

soil water content, which can be assumed equal to porosity (Kumar 1999; 

Entekhabi et al. 2010). Moreover, θir [-] is a residual soil water content, and β = 

1/(3 + 2α) [-] and α [-] are characteristic soil texture parameters, linked to the 

pore size distribution of different soil types (Rawls et al. 1982; Saxton et al. 

1986), with these Brooks-Corey (1964) parameters also being related to 

corresponding ones in the alternative constitutive relations of van Genuchten 

(1980) and vice versa (Morel-Seytoux et al. 1996). See further the Data section 

below for data used to evaluate the soil parameters in equation S1. 

Utilizing the field-scale unsaturated flow and transport model of Dagan 

and Bresler (1979) and Bresler and Dagan (1981) for steady vertical gravity-

driven flow, for which a unit hydraulic gradient may be assumed and the 

unsaturated hydraulic conductivity K in equation S1 can be approximately 

equated with average vertical soil water flux in the unsaturated zone, q [LT-1], 
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further yields an approximate estimate of average water content θuz over the 

(variable) depth of the unsaturated zone as:  

 

       (S2) 

 

Destouni and Verrot (2014) explained in more detail how depth- and area-

averaged unsaturated water content θuz can be estimated from equation S2 

based on direct use of effective depth- area-averaged measures of time-

dependent q and time-independent soil hydraulic properties Ks, θs, θir and β. For 

the latter, both statistical (Destouni 1993) and deterministic (Destouni 1991) 

approaches to averaging their values over large scales and various depths of 

interest have been reported and used in previous studies. 

 

Data 

Calculation of θz, by use of zgw from equation 2 in equation 3, requires at least 

monthly resolution of ET values along with corresponding Peff and Reff values. 

Such values do not exist from direct measurements over the whole investigation 

time period 1950-2009 for the two basins of study (as for most hydrological 

basins). In order to obtain monthly ET values for the whole long-term period 

1950-2009, we followed the method developed by Destouni and Verrot (2014) 

of disaggregating annual values of ET, obtained from basin-scale annual water 

balance as ETa=Pa-Ra, into corresponding monthly values ETm,a for each 

observation year a, as: 

 

       (S3) 

 

where ETMODISa is annually aggregated evapotranspiration from directly observed 

monthly ET observations, ETMODISm,a, for 2000-2010 from the MODIS-16 ET 

monthly product (ORNL DAAC, 2011), which is a global grid dataset with 0.05° x 
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0.05° resolution. Furthermore, 
ET

MODISm,a

ET
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  is the mean value of the monthly to 

annual evapotranspiration ratio for month m over the MODIS dataset period 

2000-2010.  

 In this context, we note that the assumption of ETa=Pa-Ra allows for basin-

scale water storage changes within a year but not between years. In general, 

however, the present modeling approach neither requires nor relies on this 

constraining assumption. If and where independent long-term data is available 

for ET, then such time series both can and should be used in equations 1 and 2, 

thus allowing for basin-scale storage changes also inter-annually. However, for 

studies where ETa=Pa-Ra has to be used, we also note that its applicability has 

been checked by Jaramillo et al. (2013) through direct comparison with other ET 

estimation methods, showing that it may be sufficiently accurate and thus useful 

for the type of long-term variability and change screening that is the main scope 

of the present study. Furthermore, even with the assumption ETa=Pa-Ra, the 

overall groundwater level calculated by equation 2 can to some degree change 

from year to year, due to the difference of Peff from measured Pa. Moreover, even 

if the groundwater table, as a consequence of balanced water fluxes, starts and 

ends each hydrological year at the same position, it can still have average level 

between these annual time points that differs among years. 

Soil parameter values are further needed to evaluate θuz in equation S2. 

As concrete examples of relevant area-depth-averaged values we here used 

measurement-based results reported in Destouni (1991) for depths sampled 

down to 1.8 m depth below the surface. We considered then in our calculations 

values for two contrasting soil types (sand and clay loam) from different 

locations (Nontuna and Bro, respectively) within the Norrström drainage basin 

(Table 2). As the focus of the present study is on hydro-climatic and snow 

dynamics effects on soil moisture, rather than on the effect of soil characteristics, 

we used for result exemplification the same soil parameter values for both the 

Norrström and the Piteälven basin. In result figures, only results for clay loam 

are shown; in fact, calculated soil moisture dynamics (variability and change 

patterns) were similar between soil types even though absolute soil moisture 
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levels differed. These dynamics similarities and overall level differences are 

consistent with findings reported by Destouni and Verrot (2014).  

A specific initial groundwater table position zgw-0 is also needed but 

not known for the present long-term study period in Norrström and Piteälven. 

Mesic-Moist areas (soils in which the groundwater table is located between 0.5 

m and 1 m below the surface) and Mesic areas (soils in which the groundwater 

table is located between 1 m and 2 m below the surface) are the most frequent 

ones in both the Norrström and the Piteälven basin (SLU 2002; von Arnold et al. 

2005). For result exemplification, we therefore used both zgw-0 = -1 m and zgw-0 = 

-2 m when evaluating groundwater table position zgw (equation 2).  
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