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Temporal water storage is a fundamental component of the terrestrial water cycle. Methods of estimating 
water storage variations are often limited to specific, well-monitored locations, and/or system scales. 
Thus, measures of storage from small systems can be difficult to compare to large systems. Here 
we compare three independent methods of estimating water storage variations for systems spanning 
over three orders of magnitude in basin area: 1) remote satellite observations (GRACE), 2) hydrograph 
recession curve analysis, and 3) quantifying precipitation-discharge hysteresis loops. We measured 
storage using all three methods for 242 watersheds in Asia (103 to 106 km2) and find that GRACE-
derived storage correlates well with quantification of hysteresis terms but recession curve derived 
dynamic storage does not correlate with hysteresis terms or GRACE-derived storage. Thus, we argue 
that precipitation-discharge hysteresis may be able to be scaled to GRACE-derived storage as an 
independent estimate of storage for basins as small as 103 km2. Hysteresis-derived storage correlates 
well with mean monsoon rainfall in the upstream watershed while recession-derived dynamic storage 
does not. This suggests that hysteresis- and GRACE-derived storage may be input limited. In contrast, 
recession-derived dynamic storage does not correlate with topographic, climatic, or land cover metrics, 
suggesting that it may be limited by the rate at which water infiltrates into deep groundwater 
and then enters the river system. In addition, we find that recession-derived dynamic storage is a 
factor of seven lower than hysteresis-derived storage. We infer that hysteresis-derived storage includes 
recession curve-derived storage in addition to other storage units, such as snowpack, lakes, and 
soil moisture. Recession-derived dynamic storage in turn represents the annual variability in deep 
groundwater storage, a “leaky bucket” that is recharged from the top and “leaks” into rivers from 
deeper storage. These data may be able to be used to better quantify storage terms in hydrologic 
modeling.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Understanding the highly complex routes by which water is 
transferred from precipitation to river discharge is essential to un-
derstanding the continental water cycle (Jasechko et al., 2016). The 
majority of precipitation falling on Earth is transferred via surface 
runoff or groundwater through a series of short- to long-term stor-
age locations, then to the rivers, and eventually ends in the oceans 
or, through evapotranspiration, back in the atmosphere (Oki and 
Kanae, 2006). Although the water cycle is conceptually well de-
scribed (e.g., Gleeson et al., 2016), the dynamics, amplitudes of 
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fluctuation, and locations of storage are not well constrained (Tay-
lor et al., 2013) and are the subject of ongoing debate (McDonnell, 
2017).

Water is stored in a variety of landscape locations, including 
lakes, snow and ice, soil moisture, shallow and deep groundwa-
ter, floodplains, wetlands, and rivers. Approximately 30% of global 
freshwater is stored as groundwater (2.2–2.3 × 107 km3) (Gleeson 
et al., 2016; Oki and Kanae, 2006), which is subdivided into a deep 
groundwater saturated zone and the relatively shallow unsaturated 
(vadose) zone. Some of the water from the shallow vadose zone 
infiltrates and recharges the deep groundwater. This is the source 
of river water when there has not been recent precipitation. Con-
ceptually this is considered a “leaky bucket” groundwater model 
(Manabe, 1969). The relative distribution of continental freshwa-
ter between storage locations is uneven across Earth and fluxes 
between storage sites, including the ocean and atmosphere, vary 
considerably in both space and time; this variability is poorly con-
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Fig. 1. Locations of hydrology stations used in analysis on a background of elevation data (USGS, 2008). Stations are identified by the dataset their discharge data is from – the 
Chinese Hydrology Bureau (circles; CHB), Mekong River Commission (squares; MRC), or Global Rivers Data Centre daily (triangles; GRDC) and monthly (diamonds; GRDC-M) 
datasets (GRDC, 2015; Henck et al., 2010; MRC, 2015). Stations with daily data are in light purple and stations with monthly data in dark purple. (For interpretation of the 
colors in the figure(s), the reader is referred to the web version of this article.)
strained (McDonnell, 2017; Oki and Kanae, 2006). Furthermore, 
within individual storage units, such as groundwater, the distri-
bution between subunits is relatively poorly quantified (Gleeson 
et al., 2016). Recent findings suggest that a large portion of infil-
trated water never reaches the saturated groundwater zone but is 
retained close to the surface, in biomass or in the vadose zone, 
and some fraction evaporates back into the atmosphere (Dralle 
et al., 2018). In addition, water in rock fractures and pockets in 
the vadose zone may be an important source of water for both 
plants and streamflow through the dry season (Rempe and Diet-
rich, 2018).

Spatially integrated measurements of storage typically rely on 
satellite data (e.g., Scanlon et al., 2018; Strassberg et al., 2007), 
interpolated point observations of boreholes (e.g., Rodell et al., 
2007), GPS inversions (e.g., Fu et al., 2015), recession curve anal-
ysis (e.g., Brutsaert and Nieber, 1977; Kirchner, 2009), and/or hy-
drologic modeling (e.g., Scanlon et al., 2018). Different techniques 
may measure different compartments of water storage. In addition, 
prior work suggests that the lag of river discharge with respect to 
precipitation (i.e., annual precipitation-discharge hysteresis loops) 
is caused by transient water storage in the subsurface (Andermann 
et al., 2012). Precipitation reaching the surface is routed through 
storage compartments, which delays the drainage system response 
to precipitation. This delay results in a seasonal anticlockwise hys-
teresis with different river discharge at the end of the monsoon 
season than the pre-monsoon season even though both seasons 
are characterized by similar precipitation regimes. Thus, quanti-
fying hysteresis may provide an alternative measure of transient 
water storage.

In this paper we apply multiple approaches to approximate 
storage variability in 242 medium to continental scale watersheds 
in monsoonal regions of Asia (hereafter “monsoon Asia”; Fig. 1), as 
defined by an independent definition of the monsoon (Wang and 
LinHo, 2002). We focus on monsoon Asia because of the relative 
simplicity of the hydrologic cycle; water input, and thus recharge, 
is restricted to the monsoon, which is effectively a long-lasting sin-
gle annual event (Henck et al., 2010). We use daily and monthly 
precipitation and discharge data for watersheds (Fig. 1) to compare 
hysteresis terms to storage fluctuations derived from the Gravity 
Recovery And Climate Experiment (GRACE) satellite and river dis-
charge recession curve analysis to understand what type of storage 
each of these measures represents. Because the different methods 
may quantify different storage processes, by comparing them we 
may obtain new insights into signals of storage in the hydrological 
cycle.

2. Background

2.1. Estimating storage

Over large scales (>∼105 km2), gravity field measurements 
from the GRACE satellite allow direct observation of changes in 
terrestrial water storage and thus long wave seasonal cyclicity and 
temporal storage evolution (e.g., Strassberg et al., 2007). In these 
analyses, temporary, seasonal water storage is defined as the av-
erage amplitude of annual variations (Krakauer and Temimi, 2011) 
across the monsoon and non-monsoon seasons. We term this vari-
ation “transient storage”. GRACE measurements cannot distinguish 
between single storage units and thus integrate all water stor-
age units (including ice, lakes, rivers, snow, biomass, soil moisture, 
and groundwater) over large areas, smoothing over small scale dy-
namics (Jiang et al., 2014). Furthermore, although extensive recent 
work has focused on using numeric hydrologic models to increase 
the spatial resolution of GRACE (Long et al., 2015), accurately and 
directly quantifying water storage at the watershed scale has re-
mained elusive due to the difficulty in observing groundwater di-
rectly (Vorosmarty et al., 2013).

Another way to measure water storage in the landscape is by 
analyzing discharge recession curves to quantify groundwater con-
tributions to river discharge (e.g., Brutsaert and Nieber, 1977). Long 
and undisturbed receding hydrographs after a period of water in-
put (e.g. rainy monsoon season) are considered to be base flow 
periods that provide indirect information about the underlying 
storage volume (Brutsaert, 2008; Hall, 1968; Wittenberg, 1999). 
Evaluating recession curves allows researchers to estimate the dy-
namic variability of the groundwater head, or saturated zone, by 
assigning base flow discharge to the purging of the groundwa-
ter reservoir(s) (e.g., Brutsaert, 2005; Kirchner, 2009; Wittenberg, 
1999). Dynamic storage quantifies water entering the system from 
groundwater with damped response times (Tallaksen, 1995), and 
thus is a measure of saturated zone water storage connected to the 
river network and its dynamic changes over time. We interpret the 
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clear seasonality and the very long characteristic end-of-season re-
cession curve as a signal of seasonal loading and unloading of deep 
groundwater storage and term it “dynamic storage”.

A prior study comparing GRACE-derived transient storage 
(GDTS) to recession curve derived dynamic storage in the conti-
nental United States finds that the two measures of storage are 
well-correlated but that regional estimates of GDTS exceed water-
shed estimates of recession curve derived dynamic storage by an 
order of magnitude (Krakauer and Temimi, 2011). They propose 
a number of explanations for the disparity, including scale issues 
between the local scale of recession analysis and regional scale of 
GRACE analysis, and conclude that no single factor dominates the 
disparity. An alternative interpretation could be that these met-
rics are not measuring the same storage compartments and thus, 
dynamic storage may be a part of transient storage rather than 
equivalent to it. Thus, to better understand how and why GDTS 
and recession curve derived dynamic storage are different, com-
parisons need to consider data from the same basins.

A third possible way to measure storage is through analysis of 
precipitation-discharge hysteresis loops (P -Q hysteresis) (Ander-
mann et al., 2012). Prior work in Nepal suggests that precipitation-
discharge hysteresis is the result of the retardation of water en-
tering rivers from precipitation due to intermediate groundwater 
storage in fractured bedrock (Andermann et al., 2012). Thus, sys-
tems with simple input-output relationships over the course of a 
year, such as monsoonal systems where most of the rainfall is con-
centrated in a well-defined wet season (e.g., Henck et al., 2010; 
Wang and LinHo, 2002), have P-Q hysteresis loops that may pro-
vide insight into the nature and dimensions of annual storage for 
the basin. The dimension (offset between the rising and falling 
limbs) of these hysteresis loops should scale with the storage ca-
pacity of the system and provide a quantification of annual storage 
variability.

2.2. Controls on water storage

Groundwater storage depends on the local bedrock geology, to-
pography, and land cover of a watershed (e.g., Ilstedt et al., 2007; 
Krakauer and Temimi, 2011; Rodell et al., 2007; Sayama et al., 
2011). A primary control on groundwater storage is the dynamic 
yield of the storage media, which depends on the porosity and vol-
ume of the storage compartment (Rodell et al., 2007) but is chal-
lenging to quantify. Storage may increase where slopes are steeper 
due to the increased space in fractures and porous rocks within 
the mountains (Sayama et al., 2011). Similarly, infiltration scales 
with basin steepness in some areas (Krakauer and Temimi, 2011) 
and steep terrain seems to route precipitation more efficiently into 
deep storage resulting in overall older water draining from these 
regions (Jasechko et al., 2016). In addition, we can infer from stud-
ies of the effects of deforestation, urbanization, and afforestation 
on infiltration and discharge that storage will increase for forested 
areas and decrease for urban areas (Ilstedt et al., 2007; Leopold, 
1968). Furthermore, although the role of storage in ice and snow 
in high mountains receives widespread attention in central and 
western Asia (Pritchard, 2019) and play a major role in the local 
hydrologic cycle (Brun et al., 2017), at the continental scale snow 
and ice may play only a minor role as glaciers occupy only a small 
fraction of the large watersheds draining Asia.

3. Methods

3.1. Basin average precipitation, discharge, and evapotranspiration

Precipitation (P ; [mm/day]) was extracted from the 0.25◦
APHRODITE dataset (Yatagai et al., 2012) because this is the most 
temporally and spatially accurate precipitation dataset for Asia and 
has the longest availability (e.g., Andermann et al., 2011). Although 
the entire study area is influenced by a summer monsoon, mon-
soon intensity and duration vary spatially and temporally. In order 
to define monsoon season parameters (onset, peak, withdrawal, 
duration) for each catchment directly from rainfall data, we ap-
plied the method of Wang and LinHo (2002). The method first 
aggregates the precipitation time series to an average annual five-
day rain rate. These 73 pentads for each pixel are the basis for a 
Fourier regression. We then used the annual mean plus the first 
12 Fourier harmonics to reconstruct a smoothed annual precip-
itation series. The monsoon characteristics for each precipitation 
pixel were determined using the intensity of the rainy season: the 
amplitude of annual variation and the ratio of summer to yearly 
rainfall. Average statistics for monsoon onset, peak, and withdrawal 
dates, as well as monsoon duration were then computed for each 
watershed. After calculating the monsoon duration for each pixel 
of the rainfall dataset, we limited analysis to watersheds with an 
average monsoon duration of at least one day. The reconstructed 
annual precipitation series of 73 pentads was used for stations 
with daily discharge data while aggregated monthly means were 
used for stations with monthly discharge data. The appropriate 
rainfall dataset (either monthly or 5-day smoothed) was then av-
eraged for the upstream area of each station to calculate annual 
and monsoon precipitation for each watershed.

Discharge (Q ; [mm/day]) data come from Chinese Hydrology 
Bureau (CHB, n = 18) (Henck et al., 2010), Mekong River Commis-
sion (MRC, n = 57) (MRC, 2015), and the Global Runoff Data Center 
(GRDC, n = 167) (GRDC, 2015) (Table S1). The GRDC data includes 
stations with daily (n = 78) and monthly (n = 89) data. Stations 
were located based on latitude and longitude data available from 
the data source. They were placed on the nearest river reach of the 
corresponding river delineated by HydroSHEDS (USGS, 2008). If the 
GIS-calculated upstream area was within 10% of the reported area 
of the station specifications then the station was used for analy-
sis. GRDC data came with watersheds already delineated. To match 
the minimum resolution defined by the spatial resolution of the 
APHRODITE precipitation dataset (0.25◦; ∼30*30 km) we restricted 
our analysis to watersheds ≥1000 km2 and with at least five years 
of data. Daily discharge (Q ) data for each station was smoothed 
in the same way as the precipitation data (aggregation into an an-
nual hydrograph of 73 pentads followed by a Fourier regression) 
resulting in 73 points of reconstructed data based on the annual 
mean plus the first 12 harmonics of the Fourier regression for each 
station. For stations with monthly data we calculated the mean 
discharge for each month over the entire period of record. For re-
cession analysis we used the raw discharge data time series for 
stations with daily data and clear recession curves (n = 105).

In addition to precipitation and discharge, the final param-
eter to close the hydrological budget is evapotranspiration (ET; 
[mm/day]). ET is very difficult to measure in situ and depends on 
many parameters, including solar radiance, wind speed, bioactivity 
and temperature. Often ET is computed from more easily measur-
able parameters using semi-calibrated empirical models, e.g. Pen-
man Monteith. Global meta-analyses report poor performance of 
global ET models (Liu et al., 2016; Trenberth et al., 2007); Liu et 
al. (2016) found that in humid areas, such as monsoon Asia, ET is 
significantly over estimated by available datasets. Trenberth et al. 
(2007) demonstrate that in ERA40, a global hydrological model, ET 
leads to impossible negative water balances and may even exceed 
precipitation. However, as ET is a fundamental component of the 
water cycle, we use the ET dataset identified by Liu et al. (2016) as 
the least inaccurate – Global Land Evaporation Amsterdam Model 
(GLEAM) (Martens et al., 2017). We processed the ET data the same 
way as the rainfall data and aggregated the data into 73 points 
for stations with daily data and monthly totals for stations with 
monthly data. The resulting water balance (P − (Q + ET) = �S
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Fig. 2. Histogram showing the ratio of the annual water balance to annual precipita-
tion. 2 basins with ratios <−2 are not shown. Annual water balance is normalized 
to precipitation to account for the huge range of annual precipitation values in the 
study basins. Water balances are largely negative in the study area.

where S is storage), assuming net changes in storage are negligi-
ble, is negative for most watersheds (Fig. 2); 38 watersheds have 
annual water balances within 5% of the mean annual precipitation, 
76 within 10%, and 114 within 20%. There is no statistically sig-
nificant difference between the water balance for watersheds with 
daily or monthly data (p = 0.75, Mann Whitney U-Test).

3.2. Estimates of storage

To determine storage from GRACE satellite data, which we term 
“GRACE-derived transient storage” (GDTS hereafter, [mm/yr]), we 
used the JPL-Mascons RL05M GRACE product (Wiese et al., 2016), 
which is a 1◦ gridded dataset of variations in liquid water equiva-
lent thickness from April 2002 to June 2017. We used JPL-Mascons 
monthly mass grids because it has previously been shown to be 
the most robust solution in comparison to physical measurements 
of changes in terrestrial water storage (Shamsudduha et al., 2017). 
We analyzed all five published GRACE solutions (three GRC Tellus 
solutions (Swenson, 2012), JPL-Mascons (Wiese et al., 2016), and 
GRGS (Luthcke et al., 2013)) and find that although there is some 
scatter, storage estimates are similar (Figs. S3-5). Analysis was lim-
ited to the 50 basins with areas >105 km2. To determine mean 
annual transient storage from GRACE, we determined the average 
upstream GRACE value for each watershed for each data point for 
the entire time series. We calculated the amplitude of the GRACE 
signal in each year, or the transient water storage for the year, by 
subtracting the minimum GRACE value from the maximum (Fig. 3). 
Fig. 3. Conceptual figure showing the definitions of storage terms used in this study. (A
(C) Definition of hysteresis terms from smoothed precipitation and discharge data as 
approximately corrects deviation from the 1:1 line. The arrow shows the direction of the
We then averaged the amplitudes over all the analyzed years. Be-
cause there is only a single seasonal filling and emptying of the 
storage in this region of the world (due to the monsoon climate), 
we are able to use this annual storage metric as a measure of sea-
sonal water storage.

We estimate dynamic storage following a long-established 
method that uses receding hydrographs to estimate groundwater 
storage in a catchment (Brutsaert and Nieber, 1977). We define dy-
namic storage as the water stored within the saturated zone of the 
catchment above zero flow level. This is the water stored above 
the lowest saturated groundwater head that is still hydrologically 
connected with the river network (e.g., Brutsaert, 2008). Dynamic 
storage (S; [mm/yr]) was calculated assuming a diffuse and slow 
purging aquifer producing discharge (Q ; [mm/day]) normalized by 
the catchment area (e.g., Brutsaert, 2008; Kirchner, 2009), where 
Q for dry periods depends on storage (S) and thus is a function of 
the negative change of S over time,

Q = −dS

dt
(1)

We only consider time periods when precipitation (P ; [mm/day]) 
≈0 and other losses of water (e.g. ET or groundwater seepage) 
from the system are negligible with respect to magnitude of Q
(Kirchner, 2009). Dynamic storage is also a function of Q (S =
f (Q )) during dry periods; as Q drains the aquifer, S decreases. We 
calculated S for the 105 watersheds with daily data and a clearly 
definable recession periods (see below) by fitting a power law to 
the log-equal-spaced median bins in the Q vs dQ

dt space largely 
following the methods described by Kirchner (2009) for periods 
where discharge changes were negative. More details and theo-
retical considerations can be found in detailed work by Kirchner 
(2009) or the book by Brutsaert (2005):

−dQ

dt
= aQ b. (2)

From this equation, Kirchner (2009) defines dS , which is the 
change in S over a given time period (in this case the recession 
season), such that:

dS = dQ
b−1

. (3)

aQ

) GRACE storage for a single year. (B) A single recession curve used in the analysis. 
well as the effects of ET on the hysteresis loop. Accounting for ET (the grey line) 
 precipitation-discharge hysteresis.
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It is then possible to compute storage, S , by fitting equation (2)
and numerically integrating equation (3) for dS . Thus, dS can be 
derived from the change in river discharge (dQ ) over a period of 
groundwater generated discharge.

In order to limit the influence of hydrologically relevant pre-
cipitation events and/or ET we selected recession periods through 
a rigorous process. 1) Recession periods needed to be outside the 
monsoon season of the catchment, as defined from precipitation 
data (see above). 2) Each recession segment needed to last at 
least five days. 3) The maximum accumulated rainfall during the 
post-monsoon recession must not exceed 60 mm. 4) Recession pe-
riod discharge Q must not exceed the maximum base flow index 
found using the generic digital base flow filtering method proposed 
by Eckhardt (2005). This last criterion provides an independent 
method of separating discharge into its flow components, with 
base flow assumed to be derived exclusively from slow ground-
water storage. The annual change in storage, S, was calculated by 
numerically integrating equation 3 between the highest and low-
est discharges of each recession period. We assume that the start 
and end of this long end-of-season recession spans the range of 
seasonal storage variations in the saturated zone; with one rainy 
season a year, this is the annual storage range as well. Reported 
dynamic storage values for each basin are the median of storage 
calculated for each annual recession period. See Fig. 3 for an ex-
ample recession curve and the supporting information for more 
details about the analysis.

Filtering recession periods using the four conditions above gives 
us confidence that the recession period is minimally affected by ET. 
Treating ET properly in recession analysis is an ongoing issue and 
different authors have proposed different solutions, including using 
only nighttime data when sub-daily resolution data are available 
(e.g., Kirchner, 2009; Krakauer and Temimi, 2011). What we have 
done instead is to exclude data that is potentially influenced by ET 
through our strict definition of recession periods. In an ideal world 
we would estimate ET precisely and correct discharge, Q , for the 
missing volume in order to close the mass-balance of input (rain) 
as a function of output (discharge) for the entire system. However, 
this is not possible with the available ET data, as described above. 
While it is theoretically possible to explore the effect that not in-
cluding ET has on the calculations, the poor performance of ET 
data for our region (only 42 of 105 watersheds used for dynamic 
storage calculations have annual water balances within 20% of the 
annual precipitation) and the commonly found negative water bal-
ance (n = 88 of the 105 watersheds used for dynamic storage 
calculations) preclude this analysis. In addition, we find that the 
most negative water balance numbers come from periods with the 
lowest rainfall, suggesting that the soil is dry on and near the sur-
face and little to no water is available for continued evaporation. 
Because recession curve analysis measures the contribution of the 
saturated zone to discharge, analyses are made only for the dry 
season. Thus, ET is likely minimal and only related to evaporation 
off the river surface itself. Not considering ET and using daily data 
for recession curve analysis to determine storage (Brutsaert, 2008), 
recession time scales (Wittenberg, 1999), and estimate ET (assum-
ing long-term constant storage) (Palmroth et al., 2010) is common 
in the literature, even for large watersheds (Peña-Arancibia et al., 
2010).

Following Andermann et al. (2012) we propose precipitation-
discharge hysteresis as a third approach to quantify storage. We 
define three terms to quantify the hysteresis effect by analyzing 
the shape and size of the P-Q hysteresis loop: the hysteresis area, 
hysteresis index (following Fovet et al., 2015), and eccentricity ratio 
(Fig. 3). For detailed explanation of the methods used to deter-
mine these terms, see the supporting materials (text and Fig. S1). 
To compare hysteresis-derived storage calculated using ET to stor-
age estimated without including ET and determine if it is necessary 
to include ET in our calculations, we substituted P -E T for P in all 
calculations. In this case, we calculated the hysteresis area, hys-
teresis index, and eccentricity ratio from a plot of Q as a function 
of P -E T . We then compared the hysteresis terms derived without 
including ET to those derived including ET using a linear regres-
sion. If ET has little effect on the data, the slope will be close to 1 
and the R2 value close to 1.

3.3. Basin average parameters

Basin-averaged parameters were determined using the water-
sheds delineated for each station. Upstream slope, area, and mean 
elevation were calculated from the 3′′ HydroSHEDS DEM (USGS, 
2008). Land use and land cover data come from the global grid-
ded 10′′ GlobCover dataset (Bontemps et al., 2013). Land cover and 
land use types were aggregated into shrubs/grassland, agricultural 
uses, forest, bare, and urban. We compared derived storage values 
to possible forcing parameters using linear regressions, with terms 
in log space when that improved the regressions. See table S1 for 
summary of watershed location, data source, and all topographic, 
climatic, and derived parameters for each watershed; Fig. S2 shows 
the distribution of these parameters across the study area.

4. Results

All derived storage parameters except eccentricity ratio have 
similar spatial distributions with the highest values in the low-
lands of South and Southeast Asia and lowest on the topographic 
highland of the Tibetan Plateau, in China, and in northeast Asia 
(Fig. 4; Table S1); eccentricity ratio is inversely correlated with the 
other terms and thus shows the opposite trends. GDTS varies from 
53.2 to 523.3 mm/yr (n = 50, mean = 312.1 mm/yr, standard de-
viation = 147.0 mm/yr) (Fig. 4A). GDTS increases from north to 
south across monsoon Asia, with the highest values in Southeast 
Asia. Excluding one outlier with dynamic storage >20,000 mm/yr, 
dynamic storage ranges from 2.48 to 3304.7 mm/yr (n = 104, mean 
= 118.8 mm/yr, standard deviation = 358.53 mm/yr) (Fig. 4B). Dy-
namic storage is highest in parts of Southeast Asia and on the 
Tibetan Plateau and lowest for Japan. Hysteresis area is highest in 
the Himalayas, parts of Southeast Asia, and the Philippines; low-
est values are in eastern India, Tibet, central China, and Korea. 
Hysteresis index is less spatially varied; highest values are in east-
ern India and lowest in Tibet and Korea. Some hysteresis index 
values are apparently zero or negative for watersheds with short 
monsoons, small hysteresis, and only monthly data. Eccentricity 
ratio generally has the highest values in China, Tibet, and Pak-
istan with lower values to the northeast, in India, and in Southeast 
Asia.

Including ET in calculations of hysteresis terms has only a mini-
mal effect on derived values, although most terms decrease slightly 
(Fig. 5). Hysteresis area is affected the least, and the most sys-
tematically, by including ET while eccentricity ratio is affected the 
most, and least systematically (R2 ≥ 0.65, p < 0.01, slope ≥ 0.71).

GDTS and hysteresis terms are closely related to one another 
but independent of dynamic storage. Dynamic storage does not 
correlate with, and is an average of 7.3 ± 13.8 (0.01 to 76.6) times 
lower than, GDTS for the 31 stations with daily data which are 
also ≥105 km2 (and thus large enough to determine GDTS) (Fig. 6). 
Dynamic storage correlates only weakly with hysteresis area, hys-
teresis index, and eccentricity ratio (R2 ≤ 0.10); a multiple regres-
sion of dynamic storage as a function of these three terms only 
increases R2 to 0.11 (p < 0.01). In contrast, GDTS correlates with 
hysteresis terms whether or not ET is included in calculations of 
hysteresis terms (Fig. 6). A multiple regression of GDTS as a func-
tion of the terms hysteresis index and eccentricity ratio explains 
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Fig. 4. Derived parameters for each watershed. Although the parameters derived represent the entire upstream area, many watersheds are nested, so only the unique area 
sampled by each station is shown. The data shown are: (A) GRACE-derived transient storage (GDTS), (B) dynamic storage, (C) monsoon rainfall, (D) hysteresis area, (E) 
hysteresis index, and (F) eccentricity ratio.

Fig. 5. Comparison of hysteresis terms derived without considering ET and when considering ET. The dashed line is the 1:1 line, where the original and the value with ET 
included are identical. ∗∗ for p < 0.01.
78% of the variance of the annual GRACE amplitude and is statisti-
cally significant for all terms and the intercept (p < 0.05):

GDTS = 46.08HI − 40.16 log(ER) + 136.33 (4)

where HI is the hysteresis index and ER is the eccentricity ratio. 
Including hysteresis area does not improve the correlation.
5. Discussion

We find that GDTS and hysteresis terms are independent, phys-
ically based measures of the same storage compartments but that 
dynamic storage represents only a subunit of this storage compart-
ment. In this discussion, which we approach in a step-wise fashion, 
we first examine the effects of ET on hysteresis terms, then con-
sider the possibility of estimating transient storage using hysteresis 
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Fig. 6. Correlations among GRACE-derived transient storage (GDTS) and other derived parameters (both without [top row] and with [bottom row] ET considered) with R2 for 
the regression on each panel; regressions are for what is shown (i.e., semi-log for hysteresis area and eccentricity ratio and linear for dynamic storage and hysteresis index). 
Dynamic storage was not calculated including ET data and is thus not shown. ∗ for p < 0.05, ∗∗ for p < 0.01. All fits are included in Table S2.
terms scaled to GDTS, explore possible processes setting transient 
and dynamic storage, and then discuss the differences between 
transient storage and dynamic storage.

5.1. Effects of ET on hysteresis terms and correlations

Even though the water balance is heavily negatively skewed for 
the study region, all three hysteresis terms calculated with and 
without ET considered are strongly correlated to one another with 
slopes close to one (Fig. 5). These data suggest that the hysteresis 
terms are robust to not including ET in our calculations. The cor-
relations between GDTS and all three hysteresis terms are similar 
whether ET is included or not for both single and multiple regres-
sions (including two or three hysteresis terms; Table S2, Fig. 6). 
Overall our data suggest that even where ET is known to be over-
estimated for most watersheds, there is not a significant influence 
on the ability to use hysteresis terms to estimate storage and that 
not including ET is an appropriate simplification.

5.2. Estimating transient storage from hysteresis terms

We propose that transient storage can be estimated from ec-
centricity ratio and hysteresis index data scaled to GDTS using 
equation (4). Although a multiple regression that includes dynamic 
storage has a better correlation than those without, that would 
limit our analysis significantly both geographically and in num-
ber of watersheds because of the daily data needed for dynamic 
storage calculations. The large scale of the study area and thus the 
large variability of the environmental storage compartments (i.e., 
substrate variability) and the monthly data resolution for some sta-
tions likely explain much of the scatter in the correlation between 
hysteresis terms and GDTS. Evidence of this hypothesis is the bet-
ter correlation for GDTS as a function of both hysteresis terms and 
dynamic storage that we get for watersheds with daily data avail-
able – the higher resolution of the data and the smaller geographic 
area of the watersheds with daily data improve the correlation.

Based on the good correlation between GDTS and hystere-
sis, we hypothesize that being able to estimate transient stor-
age from precipitation-discharge hysteresis (hereafter hysteresis-
derived transient storage, HDTS) may provide valuable a-priori in-
formation for downscaling GRACE satellite data for monsoon Asia 
to watersheds as small as the precipitation data resolution, ∼103

km2, and potentially even to smaller areas with higher resolution 
precipitation data. However, this method of estimating transient 
storage likely is only applicable for other regions with a well-
defined rainy season or to the time span of single events. Because 
GRACE cannot be used reliably for areas <105 km2, we are unable 
to directly test this hypothesis using the data in this study. Thus, 
future work should test the implicit assumption in our estimates 
that the processes controlling hysteresis and storage are the same 
across all scales, possibly by measuring transient storage directly, 
such as with GPS inversion (Fu et al., 2015) or gravimeter obser-
vations (Güntner et al., 2017). Previous work in Nepal, Western 
Australia, and California for watersheds ranging from 102 to 105

km2 support the assumption that processes controlling hysteresis 
and storage are similar across watershed scales (Andermann et al., 
2012; Müller et al., 2014).

In the study area, HDTS (derived using equation (4)) is lowest 
in mountainous areas draining the Tibetan Plateau and in cen-
tral China and highest in northern India and SE Asia (Fig. 7). This 
broadly follows patterns of precipitation in the study region. Thus 
we argue that precipitation may be a first order control on pat-
terns in transient storage. The low HDTS in mountainous areas may 
reflect the reduced capacity of the landscape to store surface wa-
ter in shallow, transient storage. Shallow and undeveloped soils, 
sparse vegetation, and steep topography provide little storage ca-
pacity in the unsaturated zone and thus most water infiltrates into 
deep groundwater. This supports findings that high relief land-
scapes have overall older water, as determined from the isotopic 
signature (Jasechko et al., 2016) and emphasizes the importance 
of slow storage (e.g., ice and deep groundwater) in maintaining 
streamflow through the year in high relief regions.

5.3. Controls on water storage

Monsoon precipitation appears to be a strong direct control on 
HDTS but not dynamic storage. HDTS correlates well with mon-
soon precipitation (R2 = 0.39, p < 0.01) while dynamic storage 
does not correlate strongly with any of the parameters we con-
sidered (R2 ≤ 0.07, p > 0.05) (Fig. 8). The good correlation of 
transient storage with monsoon precipitation is because they are 
autocorrelated: the rainfall input controls the amplitude change, 
thus increasing transient storage; pouring in more water will sim-
ply pile the water up higher in and on the landscape. In contrast, 
the poor correlation of dynamic storage and rainfall suggests that 
dynamic storage depends on other parameters, such as the storage 
media and infiltration rate into and from deep groundwater stor-
age. Basin slope, a proxy for relief and thus potential storage space 
above the drainage base level set by rivers, does not correlate with 
either of our storage terms (Fig. 8), suggesting that storage is inde-
pendent of basin topography on this large scale.
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Fig. 7. Map of transient storage modeled using hysteresis index and eccentricity ratio scaled to GRACE (HDTS, hysteresis-derived transient storage in the text) using equation 
(4).

Fig. 8. Correlations between storage (dynamic storage (top) and hysteresis-derived transient storage (HDTS) (bottom)) and basin averaged parameters (from left to right: 
upstream area, average basin slope, monsoon rainfall, % forested land) with correlation statistics on each panel. Shape of the point identifies which dataset the basin is from. 
R2 values are shown for each plot; ∗ for p < 0.05, ∗∗ for p < 0.01. Two outliers with dynamic storage >300 mm/yr are not shown. For maps of the spatial distribution of 
these terms, see Fig. S2. Regression data are shown in Table S3.
Land use does not appear to play a significant role in setting 
either dynamic storage or HDTS (Fig. 8). However, we do see one 
location where land use may be altering the hydrologic cycle con-
siderably. The eight watersheds with GRACE-derived storage >500 
mm/yr are all clustered in two major watersheds draining north-
eastern and northwestern Thailand. These watersheds have uni-
formly low recession-derived dynamic storage and hysteresis area 
and are also outliers in the plots of GDTS against hysteresis index 
and eccentricity ratio. The region is heavily agricultural (primar-
ily rice paddies) (86% in one watershed; 42% in the other) and has 
among the highest surface water irrigation rates (7% in one wa-
tershed, 13% in the other) in the entire study area (for entire area 
range is 0–25%; mean = 4.5%, standard deviation = 4.2%; irrigation 
data are from Siebert et al. (2013)). The watershed with more agri-
culture has lower rates of irrigation. Thus, we hypothesize that the 
surface irrigation in the region related to cultivating rice has arti-
ficially increased GDTS and may have altered other storage terms. 
In particular recharge rates of deep groundwater might be lower 
due to the massive exploitation of water for irrigation at the sur-
face, potentially leading to enhanced evapotranspiration and con-
sequently a net loss of water. Since the water is supplied to the 
landscape through rain but little actually contributes to groundwa-
ter and river discharge it will be detected by the integral GRACE 
signal but not by the other methods.

5.4. Differences between transient and dynamic storage

We propose that transient storage and dynamic storage are, 
although overlapping, measures of two different types of water 
storage and are not directly comparable. As with a prior study 
comparing GRACE and recession curve derived dynamic storage 
(Krakauer and Temimi, 2011), we find that transient storage is 
higher than dynamic storage (mean = 12.72, median = 7.26 times) 
(Fig. 9). Furthermore, transient storage and dynamic storage have 
different spatial patterns and different correlations with basin-
average parameters. Given the relatively lower volume of dynamic 
storage compared to transient storage, we propose that dynamic 
storage primarily measures deeper groundwater fluxes producing 
baseflow. In contrast, transient storage appears to capture the in-
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Fig. 9. Hysteresis-derived transient storage (HDTS) compared to dynamic storage. 
(A) Transient storage as a function of dynamic storage. (B) Ratio of HDTS to dynamic 
storage. Box boundaries are the 25th and 75th percentiles; the median is the center-
line of the box. Whiskers extend to 1.5 times the range inside the box.

tegral changes of all water storage in the watershed, including 
dynamic storage, snow-pack, soil moisture, lakes, groundwater and 
loses due evapotranspiration. We infer that dynamic storage is only 
one component of transient storage and thus suggest that transient 
storage always, at a minimum, be equal to dynamic storage.

Our analysis suggests that transient and dynamic storage be-
have in fundamentally different ways. The correlation between 
monsoon precipitation and transient storage suggests that tran-
sient storage is input limited (i.e., more water added means there 
is more storage). In contrast, the poor correlation between dynamic 
storage and monsoon precipitation suggests that dynamic storage 
does not directly depend on rainfall patterns but depends instead 
on the connectivity between the surface and deep subsurface. With 
respect to size and volume, the deep saturated groundwater zone 
has a much larger capacity than the vadose zone and is presum-
ably at least several times greater than the annual input volume, 
and dynamic storage is only the smaller seasonal amplitude of 
change. We interpret deep groundwater as a simple leaky bucket 
system that is always dynamically connected to river channels. 
Groundwater discharge into rivers depends directly on the height 
of the hydrological head and the transmissivity of the system. Deep 
groundwater is loaded by recharge and thus discharge into river 
channels increases. This implies that a large range of storage vari-
ability is relatively difficult to obtain without the vadose zone and 
land surface being dynamically connected to the channel network. 
Together with water losses due to ET the leaky bucket can explain 
why transient storage is an average of seven times greater than dy-
namic storage. Furthermore, our data suggest that continental scale 
storage variability in this wet environment is dominated by storage 
close to the surface rather than by the saturated zone. This finding 
is supported by recent work in the United States that found that 
subsurface water storage includes direct storage that contributes to 
streamflow (our dynamic storage) as well as indirect storage which 
cannot be resolved from streamflow (and is included in our tran-
sient storage) (Dralle et al., 2018).

Although dynamic storage is only a fraction of the volume of 
transient storage, it plays a fundamental role in controlling annual 
streamflow. Without deep dynamic storage contributing water to 
discharge through dry seasons, water would not be available in 
rivers for the variety of ecosystem services it provides, including 
habitat and human use. The rate of water transfer from the surface 
through soils and the vadose zone is fundamentally important to 
maintaining discharge in rivers (e.g., Dralle et al., 2018; Rempe and 
Dietrich, 2018). Our results demonstrate that storage of water on 
the landscape scale can be grouped into two compartments: 1) the 
highly dynamic transient storage acting as a transfer filter for 2) 
the deep saturated dynamic storage driving river discharge through 
the dry season. Thus, because volume of water input by precipita-
tion is not directly reflected in dynamic storage, dynamic storage 
Fig. 10. Conceptual model of how transient storage, dynamic storage, and deep 
groundwater storage are related. Theoretically dynamic storage could go all the way 
to the surface.

seems to be an intermediate buffer for terrestrial water storage 
and, thus, resources. Ultimately, surface and shallow subsurface 
properties control the rates of seasonal recharge and response of 
the river system to precipitation input. Understanding the dynam-
ics of transient storage is crucial for water resource management 
in order to ensure continuity of water availability throughout the 
year.

6. Conclusions

We estimated storage using GRACE, recession curve analysis, 
and precipitation-discharge hysteresis for 242 watersheds ranging 
in size from 103 to 106 km2 in Asia. Hysteresis terms correlate 
well with GRACE-derived transient storage. We propose that this 
correlation may be able to be used to estimate transient storage 
for watersheds as small as 103 km2 (the scale of our precipita-
tion data) from precipitation and discharge observations without 
relying on models. These independent observations of storage vari-
ation and, thus, temporal distribution of mass could be used by 
both GRACE product developers and users as a-priori information 
to downscale GRACE in regions with strongly seasonal rainfall.

Using the observed relationship between GRACE and hysteresis 
terms, we argue that the different storage compartments likely un-
dergo independent dynamic behavior. We find that transient stor-
age derived from hysteresis terms is a factor of seven higher than, 
and correlates poorly with, hydrograph recession curve derived dy-
namic storage. This implies that fluctuations within the saturated 
zone are considerably smaller than transient water storage in the 
vadose zone and on the surface. We propose that dynamic storage 
is lower than transient storage because it is part, but not all, of the 
water measured by transient storage (Fig. 10). Transient storage 
includes changes in lake levels, soil moisture, snow pack, shallow 
groundwater, and biomass, while dynamic storage likely only mea-
sures the annual variability in deep groundwater contributing to 
streamflow. Furthermore, we find that transient storage only cor-
relates with monsoon rainfall, suggesting that transient storage is 
input limited. In contrast, dynamic storage does not correlate with 
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any considered parameters, suggesting that dynamic storage is not 
directly connected to the surface and the fluctuations are mediated 
by processes within the vadose zone. Thus, water input by precipi-
tation is an important control on transient storage variability, sug-
gesting that transient storage is sensitive to both interannual and 
longer time scale variations in precipitation. Our findings support 
the concept of a leaky bucket across several orders of magnitude 
in locations where discharge during dry seasons depends directly 
on the groundwater level.
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