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Abstract This study aims to provide a mechanistic explanation of the empirical patterns of streamflow
intra-annual variability revealed by watershed-scale hydrological data across the contiguous United States.
A mathematical extension of the Budyko formula with explicit account for the soil moisture storage change
is used to show that, in catchments with a strong seasonal coupling between precipitation and potential
evaporation, climate aridity has a dominant control on intra-annual streamflow variability. But in other
catchments, additional factors related to soil water storage change also have important controls on how
precipitation seasonality propagates to streamflow. More importantly, use of leaf area index as a direct and
indirect indicator of the above ground biomass and plant root system, respectively, reveals the vital role of
vegetation in regulating soil moisture storage and hence streamflow intra-annual variability under different
climate conditions.

1. Introduction

Water and energy are essential elements of catchment hydrology. They are closely linked through evapotran-
spiration, that is, regulated strongly by plants [Sivapalan et al., 2011]. Despite the complicated interactions
among climate, topography, soil, and vegetation [Ponce and Shetty, 1995; Leung et al., 2011; Troch et al.,
2013; Li et al., 2014], the partitioning of precipitation between evaporation and streamflow is governed to first
order by the competition between water supply (precipitation, P) and energy availability (potential evapora-
tion, EP) [Budyko, 1974]. The ratio of mean annual potential evaporation andmean annual precipitation (EP/P)
is defined as aridity index (ϕ). Characteristic of the long-term climate,ϕ evaporation to precipitation or aridity
index has been used to explain different aspects of the landscape hydrological cycles such as streamflow
variability [Koster and Suarez, 1999], drainage density [Wang and Wu, 2013], flow recession [Ye et al., 2014],
flood frequency [Guo et al., 2014], event runoff coefficients [Merz and Blöschl, 2009], and runoff predictions
in ungaged basins [Parajka et al., 2013; Salinas et al., 2013].

Aridity index, however, does not fully explain all the variability in landscape hydrology. Through extensive
analyses of the aridity index worldwide, it has been demonstrated that the Budyko prediction of the partition-
ing between evaporation and streamflow based on aridity index is more skillful in humid catchments where
precipitation and potential evaporation are in phase and snowmelt has limited impact [Sankarasubramanian
et al., 2001]. When the seasonality of precipitation is significant and/or out of phase with the seasonality of
energy, the Budyko hypothesis tends to underestimate runoff [Milly, 1994; Zhang et al., 2001; Potter et al.,
2005; Pangle et al., 2014]. Due to the steady state assumption at mean annual scale, the Budyko hypothesis
falls short at seasonal scale when nonstationary processes such as soil moisture storage must be considered
[Greve et al., 2015].

Building on the Budyko hypothesis, many studies have investigated the generation of runoff from precipitation at
annual time scale and the seasonality impact on hydrologic cycle. Only a few studies have investigated how catch-
ments filter the intra-annual variability of climate. Zeng and Cai [2015] studied the combined impact of climate and
catchment storage on evapotranspiration variance. Climate seasonality can propagate to streamflow through soil
water storage [Sankarasubramanian and Vogel, 2003;Hickel and Zhang, 2006;Gerrits et al., 2009; Parajka et al., 2009;
Feng et al., 2012]. The interaction between climate and vegetation and with other variables adds additional com-
plexity [Gentine et al., 2012;McGrath et al., 2011; Pelletier et al., 2013; Perdigão and Blöschl, 2014]. Troch et al. [2009]
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hypothesized that vegetation develops to maximize soil moisture use and minimize water stress [also see
Rodriguez-Itube et al., 1999]. To achieve this optimality, shallow roots are common in humid catchments with suffi-
cient water supply [Laio et al., 2006], but vegetation in semiarid catchments develops a rooting system that
extendsmore vertically and laterally to tap availablemoisture [Gentine et al., 2012], similar to the adaption strategy
used by vegetation in catchments where precipitation and energy are out of phase [Gerrits et al., 2009]. However,
the effect of vegetation seasonality on intra-annual streamflow variability is not fully understood.

This study explores the propagation of intra-annual variability from climate to streamflow and examines the
role of vegetation in this process. Using observations from catchments across the U.S. (section 2), patterns
obtained from empirical data analysis are interpreted based on an analytical derivation of the Budyko curve
by Koster and Suarez [1999] but extended to intra-annual time scale (section 3). This allows for an examination
of the controlling factors and the role of vegetation properties on the propagation from precipitation to
streamflow (sections 4 and 5). The results are summarized and discussed in section 6.

2. Data

Data for 259 catchments across the continental United States spanning a range of climate conditions and
physiographic areas are used in this study (Figure 1). These catchments are chosen for their 50 years of con-
tinuous daily records of climate and streamflow from 1951 to 2000. The daily precipitation, runoff, and max-
imum andminimum temperature data are part of the Model Parameter Estimation Experiment (MOPEX) data
set [Duan et al., 2005]. Daily potential evaporation (EP) is calculated based on daily maximum, minimum, and
mean temperature using the Hargreaves method [Hargreaves and Samani, 1985] to represent interannual
variability. The estimated EP is scaled to match the mean annual EP provided by MOPEX to ensure consis-
tency with the rainfall and runoff observations. Although the temperature-based estimation of EP could be
biased in changing climate or when the surface energy flux components vary drastically [Sheffield et al.,
2012], we believe this method to be suitable here since our focus is on the within year variability of the mean
monthly water balance components where long term variations are less important. After aggregating the
daily climate and streamflow data into monthly records, the abcd-snow model [Martinez and Gupta, 2010]
is applied to the 259 catchments to estimate the actual evaporation (E). The soil water storage change is then
derived as ΔS= P�Q� E.

The vegetation data used in this study include land use type coverage and representative leaf area index (LAI)
for each vegetation type. The percentage of each vegetation type is provided by the MOPEX data set based
on the University of Maryland vegetation classification with 14 classes in total. As the climate aridity increases
across the continental U.S., the fraction of forest coverage decreases and E/P increases (Figure 1b). The char-
acteristic LAI monthly profiles for each vegetation type from the static land cover map provided by NASA’s
North America Land Data Assimilation System based on satellite images (http://ldas.gsfc.nasa.gov/nldas/
NLDASmapveg.php) are used to develop the composite LAI profile for each catchment as the weighted aver-
age of the representative LAI of each vegetation type present within the catchment.

Figure 1. (a) Map of the selected 259 study catchments and (b) Budyko plot of the 259 catchments; the colors indicate the fraction of forest coverage.
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To quantify the seasonal variation, several statistical metrics including variance, covariance, and the coefficient
of variation of the data are calculated. Monthly climate and hydrologic data obtained from online data set are
aggregated from daily observations. The intra-annual standard deviation is calculated from the averaged
monthly values over the 50 years for precipitation (σP), runoff (σQ), potential evaporation (σEP), and storage
change (σΔS). The intra-annual standard deviation ratio (SDR) between runoff and precipitation is defined as
σQ/σP, similar to the interannual standard deviation ratio defined by Koster and Suarez [1999]. Covariance of
potential evaporation and precipitation (σEP,P), precipitation and storage change (σP,ΔS), and potential evapora-
tion and storage change (σEP,ΔS) are also derived in the same way. The coefficient of variation is also calculated
for the LAI to represent the seasonality of vegetation growth: CV(LAI) = σLAI/μLAI, where σLAI is the standard
deviation of the mean monthly LAI and μLAI is the annual mean of the monthly representative LAI.

3. Analytical Derivation for Intra-annual SDR Between Runoff and Precipitation

As Budyko proposed in 1974, the behavior of the mean annual evaporation (E) is mainly dominated by that of
the mean annual precipitation (P) and potential evaporation (EP). The ratio between evaporation and preci-
pitation (E/P) varies as a function of ϕ:

E
P
¼ f ϕð Þ ¼ ϕ tanh

1
ϕ

� �
1� coshϕ þ sinhϕð Þ

� �1=2
(1)

Figure 1b demonstrates the validity of this relationship, known as the Budyko curve (black line), for the 259
catchments across the continental U.S. Only a few catchments in the Midwest with noticeable anthropogenic
influence deviate slightly from the curve [Wang and Hejazi, 2011]. As those catchments still follow the Budyko
curve to first order, they are included in our analysis to represent a more diverse set of vegetation types.

Assuming that the interannual storage change can be ignored to first order, Koster and Suarez [1999] rewrote
equation (1) for a given year i as:

Ei
Pi

¼ f ϕið Þ: (2)

Given our focus on intra-annual variance, however, the terrestrial water storage change is no longer neg-
ligible, which, at short time scale, supplies moisture for evapotranspiration apart from the direct rainfall
[Greve et al., 2015]; hence, equation (2) can be rewritten as

Ej
Pj � ΔSj

¼ f
EPj

Pj � ΔSj

� �
: (3)

Following Koster and Suarez [1999], equation (3) is rearranged and linearized about P, ΔS, and ϕ, assuming

that the long term mean storage change is close to 0, so that the long term mean of EPj
Pj�ΔSj

can be considered

equal to ϕ, we obtain

δEj ¼ f ϕð Þ � ϕf ′ ϕð Þ½ �δPj � f ϕð Þ � ϕf ′ ϕð Þ½ �δΔSj þ f ′ ϕð ÞδEPj; (4)

where δ denotes the deviation of the value at month j from its long termmean value. Since the long-termmean
water storage change is assumed equal to 0, the deviation of soil water storage change atmonth j from the long
termmean (δΔSj) is indeed equivalent to the soil water storage change at month j (ΔSj); so for simplicity, we will
use ΔSj in the following equations. This equation is consistent with equation (12) in Zeng and Cai [2015].

Since our goal is to understand the impact of catchment filtering from precipitation to streamflow, to better
compare with the observed discharge data, we convert δEj to δQj by:

δQj ¼ 1� f ϕð Þ þ ϕf ′ ϕð Þ½ �δPj � 1� f ϕð Þ þ ϕf ′ ϕð Þ½ �ΔSj � f ′ ϕð ÞδEPj: (5)

Taking the square of δQj and summing over the year, we obtain

σ2Q ¼ 1� f ϕð Þ þ ϕf ′ ϕð Þ½ �2σ2P þ 1� f ϕð Þ½ �2σ2ΔS þ f ′ ϕð Þ2σ2EP � 2 1� f ϕð Þ½ � 1� f ϕð Þ þ ϕf ′ ϕð Þ½ �σP;ΔS
þ2 1� f ϕð Þ½ �f ′ ϕð ÞσEP;ΔS � 2f ′ ϕð Þ 1� f ϕð Þ þ ϕf ′ ϕð Þ½ �σEP;P ; (6)
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where σ2Q , σ2P , and σ2EP are the variance of
streamflow, precipitation, and potential
evaporation, respectively, while σP,ΔS, σEP,ΔS,
and σEP,P refer to the covariance of
precipitation and storage change, covariance
of potential evaporation and storage change,
and covariance of precipitation and potential
evaporation at a monthly time scale. Dividing
equation (6) by σ2P and taking the square root
on both sides, we obtain the standard
deviation ratio (SDR) between runoff and
precipitation as follows:

σQ
σP

¼f 1�f ϕð Þþϕ f ′ ϕð Þ½ �2þ 1� f ϕð Þ½ �2 σ
2
ΔS

σ2P

þ f ′ ϕð Þ2 σ
2
EP

σ2P
�2 1� f ϕð Þ½ � 1�f ϕð Þþϕf ′ ϕð Þ½ �

σP;ΔS
σ2P

þ2 1� f ϕð Þ½ �f ′ ϕð Þ σEP;ΔS
σ2P

�2f ′ ϕð Þ 1� f ϕð Þ þ ϕf ′ ϕð Þ½ � σEP;P
σ2P

g1=2:
(7)

At interannual scale, Koster and Suarez [1999] simplified this SDR to a unique function of ϕ:

σQ
σP

¼ 1� f ϕð Þ þ ϕf ′ ϕð Þ: (8)

However, at intra-annual scale, none of the quantities in equation (7) can be ignored, so ϕ is not the single
dominant factor in the variance propagation from precipitation to streamflow at intra-annual scale. Thus,
despite the complexity, equation (7) is used including all the terms in our analysis. See Figure S1 in the
supporting information for validation of the derivation using observation data.

4. Controlling Factors of Intra-annual SDR Between Runoff and Precipitation

As shown in Figure 2, the intra-annual SDR of runoff and precipitation decreases with ϕ. The SDR decreases
rapidly with increasing ϕ for humid catchments, but for semiarid and arid catchments with ϕ> 1, the SDR
falls within a narrow range between 0 and 0.5. The solid line in Figure 2 is calculated from equation (8), where
ϕ is the only variable. Clearly, this simple function of ϕ cannot explain the observed pattern; unlike the inter-
annual SDR values, the intra-annual ones are not necessarily smaller than one. That is, the seasonal variability
of runoff can be larger than that of precipitation. For example, in the Appalachian Mountain catchments,
rainfall exhibits small seasonality, but runoff has an obvious peak in spring and a minimum in late summer
[Ye et al., 2012].

One factor that may influence the propagation of intra-annual variability from precipitation to streamflow is
the coupling of precipitation and potential evaporation. As can be seen from Figure 2, the catchments can be
divided into two groups. One group consists of catchments with SDR values below or close to equation (8)
(solid line) and another group of catchments with SDR values significantly above equation (8). Catchments
in the former group are colored dark red and dark blue, indicating a strong positive or negative correlation
between P and EP, while catchments of the latter group mostly have smaller coefficient of correlation
(�0.3< ρ< 0.3). This suggests that in catchments with strong positive/negative correlation between P and
EP, the propagation of variability from climate to streamflow generally follows the trend of the solid line which
is monotonically controlled by ϕ following equation (8). That is, for these catchments, the hydrologic pro-
cesses filtering the variability are closely related to the long-term climate condition, as indicated by ϕ.

Figure 2. Scatterplot of the observed intra-annual standard
deviation ratio between runoff and precipitation versus the arid-
ity index (ϕ). Colors indicate the coefficient of correlation
between EP and P (ρEP,P = σEP,P/[σEP × σP]). The solid line repre-
sents equation (8), a function defined by aridity index only.
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For the catchments where water and
energy supply (precipitation and poten-
tial evaporation) are loosely coupled,
other components in equation (7), i.e.,
soil water storage and its interactionwith
the climate, control how intra-annual
variability of precipitation propagates to
that of streamflow.

Breaking down the intra-annual SDR as
shown in equation (7), we can calculate
the contribution of each term on the
right hand side of equation (7) to the
SDR. As we can see from Figure 3,
in catchments with strong correlation
between P and EP, climate conditions
(ϕ, σEP, and σEP,P) contribute the most
to the SDR, with σEP,P having the
largest effect due to the classification
criterion, while the storage change
and its interaction with climate exert

limited control on the SDR value. Thus, compared to the other group, this group of catchments follows the
solid line defined by the aridity index alone more closely as shown in Figure 2; the small values of SDR are
a result of the net balance among the three larger climate-related terms. On the other hand, for catchments
with weak correlation between P and EP, the contribution of soil water storage change and its covariance with
climate becomemore dominant, while the contribution of σEP,P decreases. Consistent with Figure 2, neither the
ϕ nor σEP,P can explain the large variations of SDR in these catchments, as other terms in equation (7) have simi-
lar magnitudes. The importance of soil water storage change identified here is consistent with the seasonal water
storage change effect on the annual water balance [Sankarasubramanian and Vogel, 2003; Hickel and Zhang,
2006; Gerrits et al., 2009; Feng et al., 2012].

5. Interactions Between Vegetation, Climate, and Landscape

Our analyses have identified an important role of soil water storage change in the intra-annual SDR of
runoff to precipitation in catchments with weak coupling between EP and P (e.g., the Appalachian moun-
tainous catchments, the arid catchments in the south, etc.). To better understand the variance of soil
water storage change and the interaction between soil storage change with climate (i.e., EP and P), we
explore the role of vegetation, as it exerts significant control on evapotranspiration that influences soil
water storage. Despite the human impacted catchments in the Midwest that are included for vegetation
diversity, the MOPEX catchments are useful for exploring the interactions of vegetation with catchment
hydrology in relatively natural conditions. Figure 4 shows the scatterplots between each factor in
equation (7) and coefficient of variation (CV)(LAI), which represents seasonal vegetation growth. Except for
the larger scatter between ϕ and σEP with CV(LAI) (Figures 4a and 4b), σΔS, σP,ΔS, σEP,ΔS, and σEP,P are all closely
related to the seasonal growth of vegetation, as shown in Figures 4c–4f, respectively.

More specifically, σΔS decreases with the variability of vegetation growth (Figure 4c), suggesting that
for catchments with hardy vegetation type (i.e., evergreen forest), soil water storage variation is
significant. Conversely, in catchments with larger seasonal vegetation growth, the variation in soil
water storage change is relatively smaller, which may be related to the smaller water uptake by these
seasonal vegetation (i.e., deciduous forest, prairies, etc.) and the synchronism between EP and P in
these catchments.

Similar to σΔS, the σP,ΔS also decreases with CV(LAI) (Figure 4d), but σEP,ΔS increases with the variability of
vegetation growth (Figure 4). The less seasonal the vegetation cover, the more synchronous is the soil water
storage change with climate (i.e., positive covariance with P and negative covariance with EP). In other words,
from evergreen catchments (mostly in the western and southeastern U.S.) to deciduous forests or grassland

Figure 3. Box plot of the fractional contribution of each component
(with coefficient included) in equation (7) for the catchments with (top)
strong correlation between EP and P (ρ> 0.3 or ρ<�0.3) and (bottom)
weak correlation (�0.3< = ρ< = 0.3).
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(mostly in the northeast, southern, and central U.S.), the soil water storage change is less correlated with the
climate (EP and P). This may be related to the low soil water storage capacity of recurrent vegetation and its
low water demand in the nongrowing season.

σEP,P, an indicator of climate seasonality, has a positive relationship with the vegetation growth variability
(Figure 4f ). Negative values in σEP,P indicate that rainfall and potential evaporation (energy availability) are
out of phase. In catchments with Mediterranean climate, such as those in the Pacific Northwest region, soil
water storage can be significant because water availability and evaporative demand are out of phase. The soil
water storage can support persistent vegetation growth of evergreen forests during the growing season even
when precipitation is limited as long as there is an extended root system that elevates the soil water storage
capacity [Schenk and Jackson, 2002a, 2002b]. Alternatively catchments with out-of-phase climate seasonality
and low CV(LAI) could be covered by desert vegetation with very low LAI year round, but this combination of
vegetation and climate is rarely seen in the continental U.S. except perhaps in the southwestern U.S. As the
water cycle and energy cycle are more synchronous, evaporation can be large, so soil water storage is low.
The relatively drier catchments of this type can only support seasonal vegetation growth, so leaf area peaks
in summer and drops in winter. Combined with Figure 4c showing the water storage change variability
against the variability of LAI, we can hypothesize that vegetation maintains its growth by maximizing the
use of available soil moisture afforded by the out-of-phase relationship between P and EP through an exten-
sive root system. In catchments where the water cycle and energy cycle are in phase, vegetation receives the
maximum amount of precipitation during its growing season when the evapotranspiration is maximized.
With such synchronous water demand and supply cycles, there is no need for a large soil water storage capa-
city to maintain a moisture surplus to meet the out-of-phase evaporative demand. Rather than stretching the
roots vertically and horizontally to increase the moisture supply to cope with the variability in water and
energy competition, vegetation varies the primary production seasonally to adapt to the seasonality in cli-
mate. This is consistent with previous findings [Potter et al., 2005; Gentine et al., 2012] that plants tend to
develop more sophisticated root systems in Mediterranean climates to buffer the discrepancy between
precipitation and radiation.

Figure 4. Scatterplots between the coefficient of variation of LAI and each component in equation (7): (a) aridity index, (b) standard deviation of EP, (c) standard
deviation of water storage change, (d) covariance of P and water storage change, (e) covariance of EP and water storage change, and (f) covariance of EP and P;
colors indicate the correlation between EP and P. Each point represents one catchment and all variances here are temporal ones based on multiyear averaged
monthly time steps.
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The regression lines in Figures 4c–4f indicate strong correlation between vegetation growth variability
and the variance and covariance between precipitation, soil water storage change, and potential evapora-
tion. The natural logarithms of σΔS, σP,ΔS, and σEP,ΔS all vary linearly with CV(LAI), with p-values less than
0.001, indicating statistically significant relationships. For σEP,P (Figure 4f), the relationship is fitted with a
logarithmic function rather than applying a linear regression to the log values since the covariance spreads
across negative and positive values. For three of the four variables, the regressed functions explain more than
half of the variance.

Besides the various strong correlations noted above, the asymptotic behaviors in the relationships revealed in
Figure 4 deserve further attention. Most catchments have relatively small absolute covariances (σP,ΔS, σEP,ΔS, and
σEP,P), but a few clearly stands out with large values. By labeling each catchment using color denoting the values
of the coefficient of correlation between EP and P, it becomes clear that the outliers in each plot correspond to
catchments with large negative σEP,P, where precipitation and radiation are out of phase. The importance of the
coupling between water and energy cycles has been recognized before [Gerrits et al., 2009; Troch et al., 2013;
Coopersmith et al., 2012]. An out-of-phase seasonal relationship between precipitation and radiation leads to
a large variance in soil water storage change, as soil water is depleted by evapotranspiration in the summer
and refilled in the winter by precipitation. This also explains why the soil water storage change correlates
positively and negatively with precipitation and radiation, respectively.

6. Discussion and Conclusion

Following the analytical derivation proposed by Koster and Suarez [1999], this study aims to delineate factors
that control the propagation of seasonality from climate to streamflow through the catchment hydrologic
processes. Using an analytical expression and observation data from MOPEX catchments, we found that
the aridity index (ϕ), variance of precipitation (σP), potential evaporation (σEP), storage change (σΔS), the
covariance of precipitation and potential evaporation (σEP,P), precipitation and storage change (σP,ΔS), and
potential evaporation and storage change (σEP,ΔS) all cast their impacts on the intra-annual SDR between
rainfall and runoff. Statistical analyses indicate that besides ϕ, whose importance has been recognized
before, coupling of the seasonality in precipitation and potential evaporation is also a critical factor on
catchments’ hydrologic responses to the intra-annual variability in climate. The role of other factors such
as σΔS and σP,ΔS is dependent on whether the water and energy cycles are out of phase or synchronous.

Correlating the influential factors with the vegetation growth variation in Figure 4 reveals a vital role of vege-
tation in regulating soil moisture through evapotranspiration. The positive logarithmic relationship between
σEP,P and CV(LAI), along with the negative correlation between CV(LAI) and σΔS, shed lights on the vegetation
water use strategy under different climates.

In general, our results suggest that vegetation has two major approaches to adapt to the variability in water
supply and demand: by extending the root profiles to access more water to support the above ground bio-
mass or by varying the primary production seasonally when the soil moisture capacity is limited for storage
change. For example, in humid Mediterranean catchments where the water and energy cycles are out of
phase, more persistent vegetation types (i.e., evergreen forests) are established with advanced root system
tomaximize the use of available soil moisture for above ground biomass production year round. On the other
hand, in less humid catchments where EP and P are more synchronous and soil moisture is available mainly in
the summer rainy season, plants (e.g., deciduous forests and grasslands) cope with the limited soil water sto-
rage by varying the biomass above ground seasonally with the water and energy cycles. This strategy is in line
with the analysis of Schenk and Jackson [2002a, 2002b] of global root depth, Gao et al. [2014] of model simu-
lations on the root zone moisture storage capacity and the findings of Potter et al. [2005], and Gentine et al.
[2012] on the interaction between vegetation above- and below- ground structure and surface hydrology.

To conclude, by examining the climate, hydrology and vegetation data fromMOPEX catchments across the con-
tinental U.S. using the framework of Budyko’s water balance equation, we explored the controlling factors on
the propagation of intra-annual variability from climate to streamflow. Besides the well-recognized ϕ, σEP,P,
and σΔS also play important roles. Moreover, climate and soil storage change are interrelated through vegeta-
tion dynamics that optimizes water use and biomass production. However, the dominant vegetation in the
MOPEX catchments transitions from evergreen forest to grassland and then cropland gradually as the climate
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gets drier; the lack of vegetation diversity in the same climate may limit our understanding. It is important to
validate our findings in other regions with a wider range of climates for the same vegetation type. Analytical
derivations and numerical experiments are also needed to further explain the patterns we found between
the variance in climate, vegetation growth, soil water storage change, and the resulting hydrologic responses.
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