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Abstract It has long been assumed that over a sufficiently long period of time, changes in catchment
water storage (ΔS) are a relatively minor term compared to other fluxes and can be neglected in the
catchment water balance equation. However, the validity of this fundamental assumption has rarely been
tested, and the associated uncertainties in water balance calculations remain unknown. Here, we use
long‐term (1982–2011) observations of monthly streamflow (Q) and precipitation (P) for 1,057 global
unimpaired catchments, combined with four independent evapotranspiration (E) estimates to infer ΔS and
to provide a global assessment of the steady‐state assumption in catchment water balance calculations.
Results show that when the threshold for steady state is set to 5% of the mean monthly P, ~70% of the
catchments attain steady state within 10 years while ~6% of the catchments fail to reach a steady state even
after 30 years. The time needed for a catchment to reach steady state (τs) shows a close relationship with
climatic aridity and vegetation coverage, with arid/semiarid and sparsely vegetated catchments generally
having a longer τs. Additionally, increasing snowfall fraction also increases τs. The imbalance (ewb) caused by
ignoring ΔS decreases as averaging period for water balance calculations increases as expected. For a typical
10‐year averaging period, ewb accounts for ~7% of P in arid, but that decreases to ~3% of P in humid
catchments. These results suggest that catchment properties should be considered when applying the
steady‐state assumption and call for caution when ignoring ΔS in arid/semiarid regions.

1. Introduction

Changes in catchment water storage (ΔS) consist of changes in the amount of water stored in both above-
ground (e.g., river, lake, and snow) and belowground (unsaturated and saturated) water stocks. ΔS is also
linked to catchment water outflow (i.e., surface runoff and groundwater flows) and governs numerous catch-
ment ecohydrological processes (Flerchinger & Cooley, 2000; Rice & Emanuel, 2019; Yang et al., 2014, 2017).
In the hydrologic community, it has long been assumed that over a sufficiently long period of time (e.g.,
annual or longer periods), ΔS is relatively minor when compared with the fluxes (i.e., precipitation, evapo-
transpiration, and runoff) averaged over the same period. Based on that assumption, it is common to neglect
ΔS in the catchment water balance equation at the annual/mean‐annual time scales (e.g., Koster &
Suarez, 1999; Potter & Zhang, 2009; Xue et al., 2013; Yang et al., 2009). This is a fundamental assumption
that underlies numerous catchment‐based hydrologic studies, such as the estimation of catchment evapo-
transpiration (E) by subtracting runoff (Q) from precipitaton (P) (e.g., Donohue et al., 2007; Liang et al., 2015;
Yang, Donohue, McVicar, Roderick, et al., 2016).

Despite its fundamental importance, the validity of the assumption that ΔS is negligible over some suffi-
ciently long period is rarely evaluated. Thus, to examine the extent to which the steady‐state assumption
is valid and how it affects the water balance calculation, two key scientific questions need to be
addressed: (i) How long does it take for a catchment to reach steady state (or near steady state), and
(ii) how large is the error when the steady‐state assumption is used for catchment‐based water balance
calculations.
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A number of previous studies have assessed catchment ΔS at the annual time scale (e.g., Flerchinger &
Cooley, 2000; Milly & Dunne, 2002; Rice & Emanuel, 2019; Wang, 2012; Wang et al., 2009). By using
long‐term soil moisture and groundwater observations, Wang (2012) quantified the interannual anomaly
of ΔS in 12 catchments in Illinois, USA (ranging from 1,696 to 8,034 km2), and found that the ratio of annual
ΔS over annual P varied from −0.6 to 0.4, indicating that the proportion of storage change is too large to be
neglected in annual water balance calculation in those catchments. Flerchinger and Cooley (2000) examined
the annual water balance in a mountainous semiarid catchment (26 ha) in southwest Idaho, USA, and
reported an average error of 46 mm year−1 when the steady‐state assumption is applied, which was equiva-
lent to ~10% of mean annual P and larger than mean annual Q (~30 mm year−1) in that catchment. These
findings suggest that for some catchments, the steady‐state assumption is not valid at an annual time scale.
In principle, as the integration time period increases, the variations in ΔSwill become smaller relative to the
integrated fluxes (Donohue et al., 2007; Liu et al., 2019; Zhang et al., 2008). Nevertheless, it is still unclear
how long it takes for a catchment to reach a quasi‐steady state such that the errors in the long‐term mean
water balance are small enough to be safely neglected.

The catchment water balance is primarily controlled by large‐scale climate conditions, mediated by a num-
ber of local factors (Donohue et al., 2007; Istanbulluoglu et al., 2012; Milly, 1994; Roderick et al., 2014;
S. Zhang et al., 2016; Zhang et al., 2018), whichmight also impact on the stability of catchment water storage.
Precipitation (P) and potential evapotranspiration (EP), respectively, represent water supply to and water
demand from a catchment, the relative magnitude of which determines the long‐term hydrological parti-
tioning of the catchment (Budyko et al., 1974; Choudhury, 1999; Milly & Dunne, 2002; Yang et al., 2006,
2007; Zhang et al., 2004). Additionally, the temporal variability of P and EP also exerts dominant control
on the temporal dynamics of catchment water fluxes and water storage (Harman et al., 2011; Yin and
Roderick, 2020; Yokoo et al., 2008). As for local factors, catchment area, water storage capacity, land cover,
and vegetation are key factors in many hydrological processes (Harman et al., 2011; Li et al., 2013; Williams
& Albertson, 2005; Yang et al., 2007; Yokoo et al., 2008). Catchment size directly determines the amount of
precipitation and energy received by the catchment. Water storage capacity measures the maximum amount
of water that can be held within a catchment. The partitioning of P into E generally increases with the
increase of water storage capacity (Daly et al., 2019; Farmer et al., 2003; Koster & Suarez, 1999;
Milly, 1994; Potter et al., 2005; Yin and Roderick, 2020). Vegetation, including both the aboveground (e.g.,
vegetation coverage or leaf area index) and belowground components (e.g., rooting depth), affects catchment
hydrological partitioning primarily by increasing transpiration and enhancing infiltration, with direct con-
sequences on root‐zone soil water balance (Donohue et al., 2007, 2012; Llorens & Domingo, 2007; Wang
et al., 2014; Yang, Donohue, McVicar, Roderick, et al., 2016). All the above factors are critical in controlling
catchment hydrological processes, and the impacts of these factors on catchment water balance have been
well documented previously. However, it still remains unknown how, and to what extent, these factors affect
the variability of catchment water storage.

In this study, we use long‐term (1982–2011) observations of monthly streamflow (Q) and precipitation (P)
from 1,057 global unimpaired catchments. The observed P and Q are combined with four independent esti-
mates of evapotranspiration (E) from global databases to inferΔS. We then use the inferred time series ofΔS,
to provide a comprehensive assessment of the steady‐state assumption in water balance calculations using
the catchment approach. The specific objectives are to (i) determine the time needed for a catchment to
reach steady state; (ii) identify the factors controlling this time scale; and (iii) quantify errors in water bal-
ance calculations resulting from the steady‐state assumption.

2. Materials and Methods
2.1. Determination of τs

For a given catchment, the water balance equation is given by

dS
dt

¼ P − E − Q (1)

where S is the catchment water storage (mm); t is time in month; and P, E, and Q are monthly precipita-
tion (mm month−1), evapotranspiration (mm month−1), and runoff (mm month−1), respectively. Note that
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dS/dt represents changes in catchment water storage only when the catchment is a closed system (e.g., no
lateral groundwater fluxes, but see Andréassian & Perrin, 2012). In the following analyses, all catchments
are assumed to be closed systems as per the widely used assumption. With that in mind, integrating
Equation 1 over time period τ, we have

∫
τ

0

dS
dt
dt ¼ ∫

τ

0
P − E − Qð Þdt (2)

and it follows that

Sτ − S0
τ

¼ ΔS
τ

¼ ΔS* ¼ P − E − Q (3)

where ΔS (mm) is the total storage change during period τ (month) and ΔS* is the mean rate of change of
storage over the same period (mm month−1). The bars above P, E, and Q represent the mean P, E, and Q
(mm month−1) over period τ.

Figure 1a shows an example of the monthly time series of dS/dt, and Figure 1b shows ΔS* for τ varying from
1 to 360 months. In this example, it is clear that with the increase of τ, the fluctuations of ΔS* gradually
diminish with only a small seasonal oscillation, and in this example, the numerical value of τ is
quasi‐stable when τ exceeds ~180 months (or 15 years). In principle, when a catchment is at steady state,
ΔS* should strictly be zero. However, due to uncertainties in the other three water balance components
(i.e., P, E, and Q), the observed ΔS* may not be zero. In this particular example, ΔS* stabilizes at a value
around 20 mm month−1 when τ %3E ~180 months (Figure 1b). In this study, we consider the difference
between ΔS* over the entire analysis period and zero to be a systematic error (due to data uncertainties),
which is further removed in the following analyses (Figure 1c). This procedure ensures thatΔS* has the same
reference value (i.e., zero) across all catchments.

We use a threshold to define the steady state. In practical applications, a steady state is often considered to
be reached when ΔS* is much smaller than the hydrological fluxes (i.e., P, E, and Q) (Donohue et al., 2007;
Li et al., 2007; Roderick & Farquhar, 2011). Additionally, since a steady state is reached when the total
input (i.e., P) equals the total output (i.e., E + Q), we define the threshold for establishing when steady
state is reached using a fixed fraction (k) of mean monthly P over the entire analysis period. The time at
which the steady state is first reached, denoted τs, is defined as the month when ΔS* enters the interval
defined by the threshold for the last time (Figure 1c). This procedure ensures that when τ %3E τs, ∣ΔS

*∣
is always smaller than the defined threshold. For the example used here (Figure 1c), ΔS* falls into the
interval set by the threshold at the 75th month and remains within that interval for the remaining period
(Figure 1c). So τs for the example catchment is 75 months, as represented by the dashed black vertical line
in Figure 1c.

Figure 1. Example illustrating the determination of τs. (a) Time series of monthly storage change, (b) mean monthly storage change over an averaging period τ,
and (c) mean monthly storage change over an averaging period τ after removing the systematic error. In (c), the dashed horizontal red lines represent the
threshold when k = 0.05 (k is a proportion of mean monthly precipitation).
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2.2. Data

Daily Q observations at 21,868 catchments across the globe were obtained from six sources: (i) Global River
Discharge Centre (http://www.bafg.de/GRDC; Lehner, 2012), (ii) the U.S. Geological Survey (USGS)
National Water Information System (NWIS; https://waterdata.usgs.gov/nwis) and GAGES‐II database
(Falcone et al., 2010), (iii) the Australian Bureau of Meteorology (http://www.bom.gov.au/waterdata;
Zhang et al., 2013), (iv) the Brazilian Agência Nacional de Águas (http://www.snirh.gov.br/hidroweb), (v)
the Water Survey of Canada Hydrometric Data (HYDAT; https://www.canada.ca/en/environment-cli-
mate-change), and (vi) the Chilean Center for Climate and Resilience Research (CR2; http://www.cr2.cl/
datos-de-caudales/). A number of selection criteria were used to ensure that only larger catchments with a
continuous streamflow record, and with minimal human impact, were used. First, catchments with
%3E5% missing data and any gaps longer than 10 days from 1 January 1982 to 31 December 2011 (30 years
or 360 months) were removed. For catchments passing these criteria, gaps were filled in the remaining daily
Q series using linear interpolation. Second, due to the coarse‐resolution E data (see below descriptions for
the four E data sets), catchments smaller than 2,500 km2 (~0.5° × 0.5°) were excluded. Third, and finally,
to ensure we only selected catchments with minimal disturbance, we excluded catchments with (i) irrigated
areas larger than 3% of the total catchment area (based on the Global Map of Irrigation Areas‐GMIA; Siebert
et al., 2015); a 3% threshold is chosen as a compromise between data quality and the sample size, (ii) urban
areas larger than 1% (based on the GlobCover v2.3 map; https://www.edenextdata.com/?q=data) and (iii)
catchments with large dams whose reservoir capacity was larger than 10% of the mean annual Q (based
on the Global Reservoir and Dam database v1.1; Lehner et al., 2011). A total of 1,057 catchments passed
the above selection criteria and were used herein (Figure 2).

Three‐hourly precipitation data at 0.1° spatial resolution from 1979 to 2017 was derived from the
Multi‐Source Weighted‐Ensemble Precipitation (MSWEP) Version 2 data set, which represents an optimal
combination of the highest quality P data sources available as a function of time scale and location (Beck
et al., 2019). Precipitation on days with a dailymean air temperature lower than 1°C is considered to be snow-
fall (Berghuijs et al., 2014). Other climate variables, including daily air temperature and monthly EP at 0.5°
spatial resolution, were obtained from the WFDEI meteorological forcing data set (Weedon et al., 2014)
and the CRU TS v. 4.03 data set (Harris et al., 2014), respectively. Actual evapotranspiration was derived
using four global E data sets, including (i) the global monthly half‐degree E estimates using the Penman‐
Monteith‐Leuning (PML) model over 1982–2012 (EPML; Y. Zhang et al., 2016); (ii) the global monthly

Figure 2. Location of the catchment used herein. The background shows the global dryness zones. The number of
catchments in each of the four global dryness zones is provided in parenthesis. Global dryness zones are defined
according to their dryness index (Ep/P): (i) arid (Ep/P %3E 1.35); (ii) semiarid (1.35 %3E Ep/P %3E 1); (iii) subhumid
(1 %3E Ep/P %3E 0.76); and (iv) humid (Ep/P %3C 0.76) (McVicar et al., 2012), where EP is potential evapotranspiration
as per the CRU TS v. 4.03 data set (Harris et al., 2014).
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8 km2 E estimates from the Process‐based Land Surface Evapotranspiration/Heat Fluxes algorithm (P‐LSH)
over 1982–2013 (EP‐LSH; Zhang et al., 2015); (iii) the global monthly 0.25°E estimates from the Global Land
Evaporation Amsterdam Model (GLEAM) Version 3.3 over 1980–2018 (EGLEAM; Martens et al., 2017;
Miralles et al., 2011); and (iv) the global monthly half‐degree reconstructed E based on site level observations
and an adaptive machine learning approach over 1982–2011 (EMTE; Jung et al., 2011). All gridded data were
aggregated and lumped for individual catchments at a monthly time scale. To quantify τs, we calculated τs
using P, Q, and the four separate E estimates and determined the final τs as the mean of the three closest τs
estimates for each catchment. This procedure excludes the most uncertain E estimates and improves the
quality of E for each individual catchment. Following this approach, no particular E database was favored
with EPML, EP‐LSH, EGLEAM, and EMTE used in 833, 782, 777, and 779 of the 1,057 catchments, respectively.

To investigate the factors controlling τs across catchments, we also collected a series of catchment property
data. Soil water holding capacity at a spatial resolution of 5 arc‐minutes (~0.083°) was obtained from the
Global Gridded Surfaces of Selected Soil Characteristics data set (Global Soil Data Task Group, 2000).
Vegetation coverage is represented by the satellite‐derived Normalized Difference Vegetation Index
(NDVI), which was acquired from the half‐monthly, 8 km2 spatial resolution AVHRR GIMMS‐3g global
NDVI data sets covering 1982–2016 (Pinzon & Tucker, 2014). To determine catchment storage capacity
(Smax), because observations of Smax is currently not available, we estimated Smax by assuming that Smax

approximates the difference between the maximum and minimum storage during the study period for each
catchment (Yin & Roderick, 2020). The catchment water storage at eachmonthly time step was calculated by
first assuming zero storage at the beginning of the study period. Note that the resultant Smax may be smaller
than the physical storage capacity of a catchment, since under real conditions, a zero storage can hardly be
met for catchments even after prolonged droughts. Indeed, the Smax estimated using the above method is
better thought of as an “effective storage capacity”—the water stored that is actively participating in the
hydrological cycle. Consequently, we denote Smax as the effective storage capacity in the following text.

3. Results
3.1. Spatial Distribution of τs

The time when the steady state is reached under different thresholds (by varying the coefficient k) across the
1,057 catchments is shown in Figure 3. Under the tightest condition (i.e., k = 0.05), about 80% of the catch-
ments attain a quasi‐steady state within ~180 months (or 15 years), and this fraction reduces to 71% and 53%
when the steady state is reached within 120 and 60 months (corresponding to 10 and 5 years), respectively
(Figure 3a). In addition, there are 63 catchments for which a steady state was not reached within the study
period (i.e., τs %3E 360 months). τs becomes shorter when the threshold is relaxed to k = 0.1 and k = 0.2, at
which ~97% and ~99% of the catchments reach the steady state within 10 years, respectively (Figures 3b and
3c). Nevertheless, there are still 12 catchments requiring τs longer than 30 years for the threshold of k = 0.1
and 1 catchment for the k = 0.2 threshold. Catchments with a long τs are generally found in relatively cold
(e.g., high latitudes) and/or very dry regions (e.g., the western United States, the Brazilian Highlands,

Figure 3. Histogram and the cumulative frequency distribution of τs across the 1,057 catchments using three different thresholds, (a) k = 0.05, (b) k = 0.1, and
(c) k = 0.2. The red solid curves represent the mean τs determined from the three closest evapotranspiration products, and the red dashed curves are the maximum
and minimum τs using the three evapotranspiration products. Numbers in the bracket show the number of catchments with τs longer than 360 months.
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Southern Africa, and Western Australia), whereas catchments with short τs are mostly concentrated in
humid eastern United States, Europe, and Amazonia (Figure 4a). Averaged over all catchments (excluding
catchments with τs longer than 30 years), the mean τs (±1 sd) is 116 ± 8, 28 ± 2, and 10 ± 1 months for the
k = 0.05, k = 0.1, and k = 0.2 thresholds, respectively. Similar results were achieved when different initial
years (e.g., 1982, 1983, or 1984) were used to the define the study period (Figure S1 in the supporting infor-
mation). Results were also similar using annual instead of monthly fluxes to estimate τs (Figure S2). For
example, the mean τs using annual fluxes was 9.1 years compared to 116 months (or 9.8 years) based on
monthly fluxes.

3.2. Factors Controlling τs

To further understand the spatial pattern of τs and explore the factors that control the steady‐state time scale,
we conducted a series of regression analyses between τs and various climate factors/surface properties
(Figures 5–7). Only results for k = 0.05 (closest to the theoretical steady state, ΔS* = 0) are provided here.
For climate factors, τs typically increases as the climate becomes drier. Mean τs increases rapidly from
69 months (or ~6 years) in humid catchments to 188 months (~16 years) in arid catchments (Figure 5a).

Figure 4. Spatial distribution of τs. The spatial distribution of τs using the three thresholds, (a) k = 0.05; (b) k = 0.1, and
(c) k = 0.2.
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In contrast, air temperature exhibits a quadratic relationship with τs, with the shortest τs generally found in
catchments with a mean annual air temperature of 10–15°C (Figure 5b), whereas no significant relationship
is found between τs and the catchment snowfall fraction (i.e., the fraction of precipitation falling as snow)
(Figure 5c). Nevertheless, if we only considered catchments with a snowfall fraction higher than 10% (744
catchments), τs shows a significant (at 99% significance level calculated with an F test) positive
relationship with snowfall fraction, that is, a higher snowfall fraction corresponds to a longer τs
(Figure 6b). Since a higher snowfall fraction is often associated with a lower temperature (Figure S3), the
above‐noted positive τs‐snowfall fraction relationship also concurs with the negative relationship between
τs and air temperature in cold regions. In addition, the negative τs‐temperature relationship also becomes
stronger when focusing on catchments having a snowfall fraction higher than 10% (Figure 6a).

For the four surface properties investigated here, τs shows a strong negative relationship with vegetation cov-
erage (represented by NDVI; Figure 7a) and a weak positive (yet statistically significant) relationship with
catchment effective storage capacity (Smax; Figure 7b). In addition, no significant relationship is found
between τs and catchment size nor between τs and soil water holding capacity (Figures 7c and 7d). Since
Smax of a catchment is also partly dependent on soil water holding capacity, the above results imply that
Smax is actually more determined by soil depth than the capacity of a unit depth of soil to hold water.

Figure 5. Relationship between τs and (a) dryness zones, (b) mean annual air temperature, and (c) mean annual
snowfall fraction. In all plots the whiskers represent the maximum and minimum value, the top and bottom of the
box are the 25th and 75th percentile, and the median is represented by the horizontal line and the mean by the blue plus
sign. For (b) and (c) the red line shows the best fit relationship. The regressions are performed across all 1,057
catchments. Also, shown are the coefficient of determination (R2) and the significance of the relationship (p value), with
NS indicated no significance relationship.
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3.3. Imbalance in Catchment Water Balance Calculations Under a Steady‐State Assumption

We next quantify the long‐term imbalance in the catchment water balance calculation (at annual/mean‐
annual scales as widely used in existing studies) as a result of the steady‐state assumption, that is, the resi-
dual in the water balance calculation when assuming a zero storage change (ewb). To enable comparisons
across catchments, we normalize the absolute ewb (mm year−1) to mean annual P, E, and Q, respectively,
for each catchment. Figure 8 depicts the distribution of ewb, as a fraction of mean annual P, E, and Q within
the space defined by τs (under k = 0.05) and the time scale at which the water balance calculation is per-
formed (τwb). In all three plots, there is a clear divide around the 1:1 line and larger ewb are found in the bot-
tom right corner of the τs‐τwb space, where the catchments require a longer time to reach steady state but the
water balance calculation is performed at a shorter time scale. The magnitude of imbalance increases as the
positive difference between τs and τwb increases and decreases when the difference between τs and τwb
becomes more negative. In general, when τs %3C τwb, ewb is smaller than 4% of mean annual P and 7% of
mean annual E but can reach as high as ~80% of mean annual Q, respectively. However, when
τs %3E τwb, ewb can be up to 15% of mean annual P, 19% of mean annual E, and 143% of mean annual Q.
Note that these numbers are average ewb among catchments within each τs‐τwb category; ewb in individual
catchment can be much larger than that.

To give a further idea of how ewb varies across catchments, we group the catchments according to their cli-
mate dryness and perform the steady‐state water balance calculation at 1‐, 3‐, 5‐, and 10‐year periods. These
four periods were chosen because they are often used in existing water balance calculations for a variety of
catchment‐based studies. Despite an increasing ewb with the decrease of τwb as reported above, ewb also
shows a notable gradient with climate dryness, with larger ewb generally found in more arid catchments
(Figure 9). This is not surprising since τs also increases as the climate becomes drier (Figure 5a). In humid
and subhumid catchments, on average, ewb, respectively, accounts for less than 5% and 10% of mean annual
P andmean annual Ewhen the water balance calculation is performed at time scales longer than 3 years. For
arid catchments, ewb can account for more than 5% of mean annual P, and ewb/E still remains about 5% to
10% when τwb is longer than 3 years. A much larger contrast is found for ewb/Q along the climate dryness
gradient (Figures 9e–9h). For a typical 10‐year mean, ewb/Q is ~5.5% for humid catchments and skyrockets
to ~100% for arid catchments.

4. Discussion

The steady‐state assumption refers to the assumption of negligible storage change that is widely used to
undertake catchment‐based water balance calculations for many hydrological applications. To our

Figure 6. Relationship between τs and (a) mean annual air temperature, (b) mean annual snowfall fraction for
catchments with mean annual snowfall fraction higher than 10%. The regressions are performed across 744
catchments with mean annual snowfall fraction higher than 10%. Also shown are the coefficient of determination (R2)
and the significance of the relationship (p value).
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surprise, such an important assumption has never been formally assessed globally although assessments
have been made for specific catchments/regions (Donohue et al., 2010; Flerchinger & Cooley, 2000; Rice
& Emanuel, 2019; Wang, 2012; Zhang et al., 2008). By combining observations of catchment streamflow
and precipitation with satellite/machine learning‐based evapotranspiration estimates, for the first time,
we assessed the utility of the steady‐state assumption across global catchments covering a broad range of
bioclimates. We find that many catchments assessed here do not reach the steady state within a decade or
even over a 30‐year period (Figures 3 and 4), which is well beyond an often assumed 1‐ to 5‐ to 10‐year
period adopted in many existing studies (Evans & Jakeman, 1998; Greve et al., 2016; Li et al., 2007; Potter
& Zhang, 2009; Xue et al., 2013; Yang et al., 2009; Yang, Donohue, & McVicar, 2016).

4.1. Factors Determining τs

In practice, two key factors determine τs for a catchment, being (i) the temporal variability of ΔS and (ii) the
magnitude of ΔS relative to the hydrological fluxes (i.e., the threshold in Figure 1c). Previous studies have
shown that the coefficient of variation of P is generally higher in dry regions and steadily decreases as the
climate becomes wetter (Monteverdi, 1976; Le Houérou et al., 1988; also see Figure S4). However, a higher
coefficient of variation for P does not necessarily lead to a higher coefficient of variation of ΔS; the variability
of ΔS also depends on the partitioning of the variance in P into the variance in ΔS. Using global hydrological
reanalysis, Yin and Roderick (2020) found that the fraction of P variance partitioned into ΔS variance is

Figure 7. Relationship between τs and surface properties for all 1,057 catchments. Relationship between τs and
(a) NDVI, (b) effective storage capacity, (c) catchment area, and (d) soil water holding capacity. Whiskers represent
the maximum and minimum value, the top and bottom of the box are the 25th and 75th percentile, and the median
represented by the horizontal line and the mean by the blue plus sign. The red line provides the line of best fit. The
regressions are performed across all 1,057 catchments. Also shown are the coefficient of determination (R2) and the
significance of the relationship (p value), with NS indicated no significance relationship.
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generally small in humid regions, medium in arid regions, and highest in semiarid regions where mean
annual P equals mean annual E (also see Figure S5). This, together with a higher coefficient of variation
in P in arid regions, largely explains the long τs in both arid and semiarid catchments but a much shorter
τs in humid catchments (Figure 5a).

In addition to the overall positive climate dryness‐τs relationship, we find that snowfall fraction and vegeta-
tion coverage also show evident relationships with τs, with a longer τs found in catchments with a higher
snowfall fraction and/or lower green vegetation cover (Figure 5c, 6b, and 7a). When snowfall occurs, the pre-
cipitation contributes to a temporary catchment storage that is released upon melting and leads to higher ΔS
variability and consequently a longer τs (Figures 5c, 6b, and S6). As for vegetation, since the spatial pattern of
vegetation cover largely follows that of climate dryness (vegetation coverage is low/high in arid/humid
regions; Yang et al., 2015), it is not surprising that τs shows a significant negative relationship with NDVI
(Figure 7a). Apart from the coevolution between vegetation and climate, vegetation itself may also play a
role in determining τs by modifying the partitioning of P and its variability into E,Q, ΔS, and the correspond-
ing variance components. Yin and Roderick (2020) also found that the ratio of ΔS variance over P variance is
highest when the mean annual Emore or less equals the mean annual Pwhere vegetation also tends to show
the largest rooting depth (Yang, Donohue, McVicar, Roderick, & Beck, 2016), suggesting a higher root zone

Figure 8. Imbalance in catchment water balance calculation as a result of the steady‐state assumption (ewb). The
magnitude of imbalance is expressed as a fraction of (a) mean annual precipitation (P), (b) mean annual runoff (Q),
and (c) mean annual evapotranspiration (E). The value in each τs‐τwb grid represents the average imbalance over all
catchments with τs and τwb that fall in each grid; the number of catchments for each τs category is shown in (d). The
ranges of both τs and τwb are 0–30 years, with an interval of 2 years. For example, the top right grid (30, 30) represents
catchments with a τs of 29–30 years while the water balance calculation is performed at the 30‐year scale.
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soil water storage capacity. As a result, a higher fraction of P variance being partitioned into ΔS variance in
deeply rooted catchments may partly explain the positive relationship between τs and Smax (Figure 7b).
Another possible explanation is that a higher vegetation cover is able to maintain a more steady return
flow of water from the soil to the atmosphere, thereby minimizing variations in storage change within the
root zone (Anderegg et al., 2016; Emanuel et al., 2007, 2014; Nippgen et al., 2015, 2016; Rice &
Emanuel, 2019).

4.2. Imbalance in Water Balance Calculation as a Result of the Steady‐State Assumption

Our above analyses (Figures 8 and 9) clearly demonstrate an imbalance usually occurs when the steady‐state
assumption is used for catchment water balance calculations. This imbalance is in practical hydrologic
terms, a modeling error. In that light, we find that larger relative errors are always associated with Q estima-
tion, especially in arid and semiarid catchments (Figures 8b and 9e–9h). This is primarily due to a relatively

Figure 9. Imbalance in the catchment water balance as a result of the steady‐state assumption in different climatic
regions. The magnitude of the imbalance is expressed as a fraction of (a–d) mean annual P; (e–h) mean annual Q;
and (i–l) mean annual E. Whiskers represent the maximum and minimum value, the top and bottom of the box are the
25th and 75th percentile, and the mean is represented by the horizontal line and the median by the blue plus sign. The
number of catchments in each of the four global dryness zones is provided in Figure 2.
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small Q in drier regions (Abatzoglou & Ficklin, 2017; Beck et al., 2015; Peel et al., 2010). In contrast, in simi-
lar arid and semiarid catchments, the ratio of ewb over E is typically lower than 10% when the water balance
calculation is performed at a 5‐year period or longer (Figures 8c and 9l). The implication is that by using a
5‐year period (or longer), using the water balance equation to estimate E while ignoring storage change
would only incur errors less than 10%. Additionally, we find that the relationship between ewb/E and climate
dryness does not simply follow a wet/low ewb/E‐dry/high ewb/E gradient as we found for ewb/P and ewb/Q;
ewb/E is higher in both humid and arid catchments but slightly lower in semiarid and subhumid catchments
(Figures 9i–9l). This is because in arid climates, the lower water availability constrains E, and in humid cli-
mates, the available energy, which can be low in wet and cold environments, constrains E (see Figure S7).
Consequently, water and energy constraints respectively limit the magnitude of E to a relatively small value
in dry and wet (and cold) environments and thus resulting in a higher ewb/E in both arid and humid
catchments.

4.3. The Threshold for Determining τs

The determination of τs is subject to the chosen threshold. In this study, we compare changes in storage with
the fraction of mean monthly P, considering that a theoretical steady state is reached when the total input
equals the total outputs. However, in real hydrological applications, E and/or Q are often of more practical
interest. In this light, using E or Q to define the threshold may also be reasonable. In the supporting infor-
mation, we test alternate formulations by setting the threshold as a fixed fraction of the minimum of mean
monthly E and Q. Despite a general longer τs (due to a narrower threshold band), τs determined from E/Q
threshold shows very consistent relationships with catchment climatic factors and surface properties as τs
as when using a P threshold, suggesting that the use of different thresholds would not materially change
the spatial pattern of τs and its dependence on environmental factors (Figures S8–S12). In addition, the error
as a result of the steady‐state assumption in water balance calculation across global dryness zones shown in
Figure 9 does not depend on either τs or the threshold of determining τs, which provides a robust suggestion
on the error‐oriented selection of the time period at which a steady‐state assumption may be applied.

4.4. Implications and Limitations

Using the water balance equation to estimate catchment Q and/or E while ignoring storage change at the
mean‐annual scale has long been used in practical applications by the hydrological community. One of
the most common data‐based approaches is to use observed P and Q to determine long‐term catchment E
while ignoring storage change (e.g., Peel et al., 2010; Ukkola & Prentice, 2013; Xue et al., 2013; Yang,
Donohue, &McVicar, 2016). In addition, recent developments of global hydrological reanalysis data sets also
involve a forced water balance closure by assuming a zero long‐term storage change (ΔS = 0 is applied over
23 years in Pan et al., 2012, and over 27 years in Zhang et al., 2018, across global catchments/grid‐boxes).
Despite the widespread applications, our results show that the “time scale” for assuming a negligible storage
change remains elusive. Our results also suggest that the often adopted 5‐ or 10‐year period in some previous
studies may not be sufficiently long to satisfy the negligible storage change assumption, especially in arid and
semiarid regions. When estimating E, a 5‐year period could effectively limit ewb to within ~10% (Figure 9k),
whereas for estimating Q, 10 years seems to be the minimum period for humid and subhumid catchments
(with ewb/Q smaller than ~10%; Figure 9h). In arid and semiarid regions, a much longer period is required.

There are also limitations in the current study. One obvious limitation is data uncertainty, particularly
uncertainties in the global P and E data sets. Here we use the MSWEP Version 2 global P data set, which
represents an optimal combination of the highest quality P data sources available as a function of time scale
and location (Beck et al., 2019). A recent evaluation study confirmed that the MSWEP global P data set gen-
erally exhibits the best performance against in situ observations among 22 global P data sets that are publicly
available (Beck et al., 2017). For E, we started with four independent E estimates from global databases that
were constructed without an explicit/implicit steady‐state assumption. We then exclude the one E estimate
that is most different from the other three for each catchment to further reduce the uncertainty in E esti-
mates. Moreover, the difference in τs quantified using the four E estimates is generally small (Figure 3), sug-
gesting that uncertainty in E estimates is unlikely to substantially change the findings. In addition, the
observed Q is also subject to uncertainty (Di Baldassarre & Montanari, 2009). Nevertheless, the observed
Q is the best available Q, which is also used for water balance calculation in other studies. In this light,
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the findings and conclusions made here are valid and relevant for studies conducting catchment‐based water
balance calculations.

5. Conclusions

In this study, the utility of the steady‐state assumption (negligible storage change) for water balance calcula-
tions is assessed using a combination of observed streamflow and precipitation and satellite/machine
learning‐based evapotranspiration estimates across 1,057 unimpaired catchments globally. The time that a
catchment requires to reach the steady state (τs) is determined, the climate factors and surface properties that
affect τs are investigated, and the associated error in water balance calculation when ignoring storage change
is examined. The main conclusions are as follows:

1. Under the strictest criteria (i.e., ΔS* %3C0:05 × P), about 71% of catchments reach steady state within
10 years, 53% of catchments reach steady state within 5 years, and ~6% of catchments fail to reach steady
state within 30 years. We conclude that the actual τs is often longer than the conventionally assumed
5–10 years in many previous studies;

2. τs shows a statistically significant positive relationship with climate dryness and a negative relationship
with NDVI, with arid/semiarid catchments as well as those with low vegetation cover generally requiring
a longer time to reach a quasi‐steady state. In addition, catchments with higher snowfall fraction are also
found to have longer τs;

3. Imbalance in catchment water balance calculations resulting from the steady‐state assumption increases
as the time scale used for the water balance calculation decreases. For estimating E, a typical 5‐ to 10‐year
period would effectively limit the error (ewb/E) within ~10% for most catchments. However, for estimat-
ing Q, a 10‐year period would still be sufficient for catchments in humid and subhumid regions (yielding
an ewb/Q of less than 10%) but is too short for catchments in more arid regions.

Data Availability Statement

All data for this paper are properly cited and referred to in the reference list. Specifically, observed steamflow
data are available from Lehner (2012), Falcone et al. (2010), and Zhang et al. (2013) (and in http://www.
snirh.gov.br/hidroweb, https://www.canada.ca/en/environment-climate-change, and http://www.cr2.cl/
datos-de-caudales/). Precipitation, air temperature, and potential evapotranspiration are available from
Beck et al. (2019), Weedon et al. (2014) and Harris et al. (2014), respectively. The four global E estimates
are available from Zhang, Yang, et al. (2016), Zhang et al. (2015), Martens et al. (2017), and Jung et al. (2011).
Soil water holding capacity data are available from the Global Soil Data Task Group (2000), and NDVI data
are available from Pinzon and Tucker (2014).
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