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ABSTRACT

Hydroclimatic means and variability are determined in large part by the control of soil moisture on surface

moisture fluxes, particularly evapotranspiration and runoff. This control is examined here using a simple

water balance model and multidecadal observations covering the conterminous United States. Under the

assumption that the relevant soil moisture–evapotranspiration and soil moisture–runoff relationships are, to

first order, universal, the simple model illustrates the degree to which they interact to determine spatial

distributions of hydroclimatic means and variability. In the process, the simple model provides estimates for

the underlying relationships that operate in nature. The hydroclimatic sensitivities establishedwith the simple

water balance model can be used to evaluate more complex land surface models and to guide their further

development, as demonstrated herein with an example.

1. Introduction

Budyko (1974) provided a simple framework for de-

scribing the control of climatic forcing on hydroclimatic

regime, showing how the relative levels of water and

energy availability in a region help determine the region’s

mean annual evaporation and runoff rates. Underlying

this framework is the recognition that evaporation is not

always water limited—when the soil is wet enough,

evaporation no longer varies with soil moisture; it varies

instead with incident energy. Eagleson (1978), in his

more comprehensive analysis of hydroclimatology, ad-

dressed a number of additional controls on evaporation

and runoff, including storm and interstorm properties

and soil and vegetation properties.Milly (1994) added to

the discussion, elucidating the role of intraseasonal soil

water storage.

Numerical climate models generally capture these as-

pects of hydroclimatology (Koster et al. 2001; Dirmeyer

et al. 2006) largely through their formulations of large-

scale land surface physics, that is, through their land

surface model (LSM) components. An LSM performs

two key sets of calculations at every time step of a

weather or climate simulation: (i) surface water balance

calculations in which precipitation (P) is partitioned into

evaporation (E), runoff (Q), and groundmoisture storage

and (ii) surface energy balance calculations in which net

radiative energy (Rnet) is partitioned into latent heat flux

(lE, where l is the latent heat of vaporization), sensible

heat flux, and ground heat storage. In this paper we are

especially interested in the control of a LSM soil moisture

variable W (or variables Wn) over the production of

evaporation and runoff. This control is sometimes

hardwired into the LSM in a very simple way (e.g., the

standard ‘‘bucket’’ model ofManabe 1969).More often

the relevant formulations are much more complex but,

even with this complexity, an LSM still tends to generate

an evaporative fraction (the fraction of net radiative en-

ergy released as latent heat, lE/Rnet) that either increases

with W or, for the energy-limited evaporation regime, is

insensitive to it. A common overall behavior is also

seen with the runoff ratio (the fraction of incident pre-

cipitation that becomes runoff, Q/P); the runoff ratio in

LSMs, despite being the product of complex parame-

terizations, can be characterized as generally increasing

with W.
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The behavior and realism of LSMs has been evaluated

extensively over the years (e.g., Wood et al. 1998; Boone

et al. 2004; Guo et al. 2006). The particular idea that

complex LSM formulations can be examined with sim-

ple surrogate relationships was explored in detail by

Koster and Milly (1997, hereafter KM97) as part of the

Project for the Intercomparison of Land surface Pa-

rameterization Schemes (PILPS) (Henderson-Sellers

et al. 1993). PILPSwas an experiment in which a number

of LSMs were driven offline (unconnected from a host

GCM) with prescribed meteorological forcing. Using

PILPS data, KM97 computed regression lines between

soil moisture and both the ratio of evaporation to po-

tential evaporation (similar to lE/Rnet) and the runoff

ratio (Q/P). Then they applied those simple fitted re-

lationships within a simple monthly water balance model

(MWBM) driven with the same forcing. TheMWBMwas

found to reproducewell the average behavior of themore

complex LSMs, demonstrating that it indeed captured

the fundamental controls imposed by each LSM on the

surface water budget (and thus, through the evaporation

connection, on the surface energy budget). In other

words, the fitted lE/Rnet and Q/P relationships were

found to characterize, to first order, the more complex

formulations in the LSMs, allowing KM97 to explain

the different mean behaviors of the PILPS LSMs in

terms of these simpler relationships.

The KM97 analysis of LSM behavior focused on

simulated hydroclimatic means. The usefulness of cli-

mate models naturally also depends on their ability to

simulate hydroclimatic variability (droughts and pluvial

periods, interannual variations in streamflow, etc.). Many

studies have examined hydroclimatic variability in the

context of broad climatic controls (e.g., Koster and Suarez

1999; Roderick and Farquhar 2011) or nonstationary

background statistics (e.g., Nemec and Schaake 1982;

Milly et al. 2008). In this paper, we examine hydro-

climatic means and variability jointly in the context of

land surface processes, using a strategy akin to that of

KM97. We devise a simple water balance model that

captures the control of soil moisture over evaporation

and runoff and then use the model to show how the

nature of this control manifests itself in hydroclimatic

statistics. Unlike KM97, we evaluate the results of the

present study against observations.

Following a description of our simple water balance

model in section 2 and the presentation of observations-

based estimates of hydroclimatic means and variability

in section 3, section 4 illustrates the strong sensitivity

of hydroclimatic statistics to the structure of the rela-

tionships between lE/Rnet and W and betweenQ/P and

W. In section 5, we use observations-based fields to

provide estimates for the lE/Rnet andQ/P relationships

operating in nature. Finally, in section 6, we demon-

strate that the simple model results have utility for the

improvement of state-of-the-art LSMs used in simula-

tions of climate.

2. Description of the water balance model

Figure 1 shows a schematic of the simple water bal-

ance model (WBM) used in this study. The model uses

a time step of one day. On each day, observations-based

values of precipitation and net radiation are imposed on

the land surface. A prescribed relationship betweenQ/P

and W (the degree of saturation: the model’s main

prognostic variable) is used to determine how much of

the rainfall leaves the system as runoff; the remainder of

the precipitation water infiltrates the soil and updates

W. A prescribed relationship between lE/Rnet and W is

then used to compute the evaporation of water out of

the system for the day, and W is updated further. The

water-holding capacity of the WBM is arbitrarily set to

337.5 mm and represents, for example, a soil element

with a depth of 1 m, a porosity of 0.45, and a wilting

point at a degree of saturation of 25%. Results with

alternative water-holding capacities (not shown) are

quantitatively different but qualitatively the same,

particularly in terms of how the WBM’s ability to re-

produce observations (discussed below) varies with the

prescribed lE/Rnet andQ/P relationships. The 337.5-mm

water-holding capacity used here provides for a relatively

FIG. 1. Schematic of the water balance model (WBM) used in

this study. The forcing variables, imposed daily, are precipitation

(P) and net radiation (Rnet); the WBM uses the imposed evapo-

ration and runoff relationships to compute the daily evaporation

(E) and runoff (Q) as a function of its prognostic water content

(W). See text for details.
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high agreement with the observations and is thus a rea-

sonable choice.

Precipitation water that falls when the surface tem-

perature is subfreezing (based on an observational

monthly climatology) is added to a snowpack variable

and does not infiltrate the soil or run off the surface. This

snowpack melts uniformly in time over the first 20 days

of the first month in which the average monthly tem-

perature exceeds 08C, and the snowmelt water on each

day is added to that day’s precipitation water. (The use

of 20 days here is arbitrary, with other choices producing

essentially equivalent results; indeed, the presence of

the snow layer itself is found to have little qualitative

impact on our results.) Two additional features were

considered for inclusion—one to treat interception loss

explicitly and the other to separate surface runoff pro-

duction from baseflow production. While including

these options would have the advantage of being more

realistic, neither turn out to change our results signifi-

cantly, presumably because our precipitation inputs are

not intermittent (see below) and all of our analyses focus

on long-term totals. Given our desire to keep the WBM

as simple as possible (i.e., to minimize our degrees of

freedom), we do not utilize the interception and the

baseflow options in this study.

TheWBM is run across the conterminous United States

(CONUS) at a spatial resolution of 2.58 3 2.58. We

prescribe the lE/Rnet andQ/P relationships using simple

second-order polynomials, thus stepping beyond the

linearizations employed byKM97. (The actual functions

used are piecewise combinations of polynomial and lin-

ear functions that ensure acceptable ranges for the com-

puted values and that allow for the distinction between

soil moisture-controlled and atmosphere-controlled evap-

oration regimes. The variety of functions examined will

be illustrated explicitly with the WBM results.) The

WBM is driven with an array of observations-based

precipitation forcing compiled by the University of

Washington (Andreadis et al. 2005); here, we usemonthly

precipitation totals aggregated to 2.58 3 2.58 from this

dataset and covering the period 1948–2000. The same

precipitation rate is applied on each day of a givenmonth.

While the monthly precipitation rates vary interannually,

the net radiation inputs do not; we employ a seasonal

climatology of net radiation derived from the Surface

Radiation Budget (SRB) dataset (Gupta et al. 2006).

Driven with this forcing, the WBM simulation produces

53 years of daily evaporation and runoff rates and daily

updates to its soil moisture variable; we analyze the final

52 years of these data below.

The WBM’s very simple structure is designed to elu-

cidate the primary controls imposed by the land surface

on hydroclimatic means and variability. The simplicity

naturally requires a number of assumptions that must be

kept in mind while interpreting the results. First, the

WBMdoes not perform energy balance calculations and

thus could not serve as a land component in a full climate

simulation. Second, we are assuming in our simulations

that the same lE/Rnet andQ/P relationships hold across

CONUS and across seasons, thus ignoring, for example,

differences in the character of runoff generation in

mountainous and flat areas or in the character of evapo-

ration before and after leaf out. Other relevant assump-

tions include the lack of high frequency precipitation

intermittency and the avoidance of explicit treatments of

baseflow and interception. While these assumptions,

particularly the second one, may seem harsh, they appear

to have only a second-order impact on our results, as

shown in sections 5 and 6.

3. Observations-based distributions of
hydroclimatic means and variability

Our analysis of hydroclimatic means and variability

will focus on the four fields illustrated in Fig. 2. The first

field, shown in Fig. 2a, is the mean runoff ratio across 23

large-scale basinsmostly in the continental United States.

The streamflow data used to generate the plot, along with

basin and stream gauge characteristics, are described in

detail by Mahanama et al. (2012). Basically, the data

consist of multiple decades of naturalized streamgauge

observations averaged to annual totals. In an additional

processing step, streamflow measurements between any

two consecutive gauges on the same river are differenced

before themeans are computed so that the plottedmeans

for the upstreamanddownstreamgauges are independent.

(The runoff areas contributing to each mean calculation

are accordingly independent and are plotted as separate

areas in the figure.) Clearly seen are larger ratios in the

east and in some mountainous basins in the far west. Note

that the concept of higher streamflows in the east, where

precipitation is larger, is trivial; here the map shows

something more subtle: the ratio of streamflow to pre-

cipitation is also larger, in accordance with the Budyko

(1974) framework.

The runoff ratios in Fig. 2a constitute the observa-

tional data used to evaluate our simulations of large-

scale hydroclimatic means. To evaluate our simulations

of hydroclimatic variability, we use the observations-

based fields presented in Figs. 2b–d. By focusing on the

spatial patterns of variability rather than on its absolute

magnitude, wemake use of three fully independent sets

of observations.

The first field, in Fig. 2b, is the spatial distribution of

total annual streamflow variance over the 23 indicated

large-scale basins, as computed from the same data used
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FIG. 2. Measures of hydrological means and variability, as derived from observations: (a) the annual streamflow

divided by the annual precipitation in the indicated basins, (b) the interannual variance of runoff (mm2 day22) as derived

from streamflow observations, (c) the interannual moisture-related variance of MJJAS evaporation (no units) as derived

from temperature measurements (see appendix), (d) and the interannual variance ofMJJAS land water content (cm2) as

derived from GRACE data.
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to create Fig. 2a. For Fig. 2b, annual streamflows were

computed over the period from October to September,

reflecting a common definition of ‘‘water year.’’ Higher

variances appear, as expected, toward the east, where

rainfall variances (not shown) are larger. Note that, in

contrast to Fig. 2a, the streamflow data here are not

normalized by precipitation.

Figure 2c shows a proxy (temperature based) estimate

of the spatial distribution of s2
E* over North America,

where s2
E* is defined as the interannual variance of

May–September (MJJAS) evaporation totals associated

with variations in water availability:

s2
E*5s2

Er
2(E,Pann) , (1)

wheres2
E is the total variance ofMJJASE and r2(E,Pann)

is the square of the correlation coefficient between

MJJAS E and Pann, the total precipitation from October

of the preceding year through September of the current

year. Here, we employ the standard interpretation of

r2(E, Pann) as the fraction of the variance of E ‘‘ex-

plained’’ by variations in Pann and thus by variations in

water availability; under this interpretation, when s2
E is

multiplied by r2(E, Pann), we obtain an estimate for the

‘‘moisture related’’ portion of s2
E. That is, the equation

allows us to isolate this part of evaporation variability

from that associatedwith other sources, such as variations

in radiation or humidity. See appendix for a discussion of

how historical temperature and precipitation observa-

tions are used here as proxies for historical evaporation

and soil moisture observations, respectively, in the gener-

ation of the figure. We note that this evaporation variance

pattern is consistent with the much coarser evaporation

variance pattern (not shown) inferred from estimating an-

nual evaporation as the difference between annual pre-

cipitation and streamflow within the gauged basins and is

also very similar to the pattern derived (not shown) from

indirect evaporation estimates produced by Jung et al.

(2010) using FluxNet observations, remote sensing data,

and gridded observational forcing.

Finally, Fig. 2d shows the spatial distribution of the

interannual variance of average MJJAS land water

storage, as derived from nine years of Gravity Recovery

and Climate Experiment (GRACE) data by Swenson

andWahr (2006). GRACE consists of a pair of satellites

that measure variations in the earth’s gravity field—

variations that in turn can be processed into temporal

anomalies in total water storage [soil moisture, snow,

groundwater, and surface water; Tapley et al. (2004)].

Although the sample space from which these variances

are produced is quite small, inclusion of the GRACE

data was deemed important to this study given our focus

on the shapes of the lE/Rnet and Q/P relationships.

Evaporation or runoff variability is controlled not only

by the slopes of these relationships but also by the soil

moisture range over which these slopes act; for a given

slope, a larger range (i.e., a larger soil moisture variance)

implies a larger evaporation or runoff variability. The

GRACE data show two main bullseyes of water content

variance—one in the central United States and one in

the southeastern United States. Such a pattern is similar

to the observed spatial pattern of warm-season precipi-

tation variance (shown for July, for example, by Koster

et al. 2003).

4. Results: Sensitivity of hydroclimatic means
and variability to imposed relationships

The WBM produces data that can be processed into

statistics corresponding to those shown in Fig. 2 for the

observations. Daily runoffs from the WBM are aggre-

gated from October through September to generate 52

annual totals from which we compute the mean runoff

ratio and runoff variances for each hydrological basin.

(As with the observations, mean runoff ratio is com-

puted as the ratio of the long-term mean streamflow to

the long-term mean precipitation and not as the mean

of the individual yearly ratios.) For comparison with

Fig. 2c, the daily evaporation rates produced by the

WBMare aggregated intoMay–September averages, and

evaporation variances and correlations between MJJAS

evaporation and annual precipitation are computed from

the resulting sets of 52 yearly values. The 52 simulated

MJJASW values are combined with the imposed water-

holding capacity to generate the WBM fields of s2
W .

Figure 3 presents results for a particular set of four

WBM experiments. The leftmost column shows the four

pairs of lE/Rnet andQ/P relationships used (the red and

blue curves, respectively, in a given panel); the four

experiments (one per row) are seen to differ only in their

imposed evaporation function. In the first experiment

(the first row), the maximum ratio of lE/Rnet is 0.4. The

subsequent experiments have progressively higher max-

imum ratios (indicating an increasing ease of generating

evaporation), up to a value of 1 for the fourth experiment

(the final row). The second column in the figure shows the

resulting spatial distributions of basin-level QM/PM (i.e.,

the mean annual runoff divided by the mean annual

precipitation), the third shows s2
Q, the fourth shows the

gridcell-level distribution of s2
E*, and the fifth shows the

corresponding spatial distribution of s2
W .

Marked on the s2
E* plots (fourth column) are the lo-

cations of two representative grid cells—one in the west

(‘‘Y’’) and one in the east (‘‘Z’’). Plotted in orange

above the lE/Rnet and Q/P relationships in the first

column is an indication, for each of these two points, of

1608 JOURNAL OF HYDROMETEOROLOGY VOLUME 13



the range of daily soil moistures experienced by the

WBMduringMay through September. To avoid overlap,

the full range is not plotted; shown is the range repre-

sented by the mean daily soil moisture plus or minus one

standard deviation.

Since the evaporation function is modified in this set

of experiments, we focus on the evaporation response

(the fourth column) first. Clearly, as the height (i.e., the

maximum value) of the lE/Rnet relationship increases,

the moisture-dependent evaporation variance (s2
E*)

increases, especially in the eastern half of the United

States. To a large extent, this reflects concomitant in-

creases in the mean evaporation; such increases in the

mean are intuitive and, while not shown here explicitly,

are reflected in the second column, which shows a de-

crease in QM/PM with the height of the lE/Rnet relation-

ship. Changes in the mean evaporation, however, do not

explain all of the changes seen in s2
E*; the shape of the

evaporation function has its own impact, as confirmed

by an analysis of coefficients of variation (not shown). In

Fig. 3a, soil moisture in the eastern half of the continent is

high, in the regime for which it does not affect evapora-

tion (as indicated in the first panel for the representative

gridcell Z). Values of s2
E* there are thus low for that

reason alone. As the height of the lE/Rnet relationship

increases (Figs. 3b–d), evaporation itself increases. This

translates the active soil moisture range toward drier

values, further into the regime for which evaporation does

vary with soil moisture content (see the shift in the in-

dicated range for gridcell Z). Evaporation variability is

thereby increased.

The runoff variance (third column in Fig. 3) decreases

as the evaporation variability increases. This complemen-

tary behavior is expected given that long-term-average

precipitation is balanced by the sum of long-term-average

runoff and evaporation. Keep in mind, however, the

FIG. 3. Impact of the ‘‘height’’ of the lE/Rnet relationship on hydrological means and variability: (a) plots showing (from left to right) the

imposed pairing of lE/Rnet andQ/P relationships in a specific WBM experiment and the resulting spatial distributions of average runoff

ratio (QM/PM) in individual basins (dimensionless), s2
Q in individual basins (mm2 day22), s2

E* (mm2 day22), and s2
W (cm2). Notice that s2

W

has been multiplied by 25 prior to plotting to allow visualization of the patterns with the same color bar. A rough indication of the soil

moisture ranges experienced duringMay–September at the points labeledY and Z in the fourth column is shown just above the plot in the

first column; each range drawn corresponds to the daily mean plus or minus one standard deviation. (b)–(d) As in (a) but for a (b) second,

(c) third, and (d) fourth experiment.
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different averaging periods for evaporation and run-

off in the figure.

The distribution of soil moisture variance (final col-

umn) shows two features of interest. First, an increase in

the height of the lE/Rnet relationship leads to a re-

duction in the soil moisture variance. Second, and more

important given our focus on the spatial distribution of

s2
W as opposed to its absolute magnitude, the increase in

the height of the lE/Rnet relationship leads to a less

sharply defined maximum of s2
W in the center of the

continent.

Figure 4 shows how the general shape, as opposed to

the height, of the lE/Rnet relationship affects the hy-

droclimatic statistics. Here we quantify the sensitivities

to the location of the transition point between soil-

moisture-controlled and energy-controlled evaporation,

with this transition point moving to drier soil moistures

in the progression of experiments. As in Fig. 3, the im-

posed Q/P function is identical in all four experiments.

Figure 4 shows that evaporation variance, particularly in

the center of the continent, tends to increase as the

transition point is moved toward drier soil moistures—

partially a reflection of the increase in evaporation (as

reflected by the decrease inQM/PM) but also a reflection

of the higher slopes imposed in the soil-moisture-

controlled evaporation regime and the ability of the

higher evaporation rates to push soil moistures into this

regime. As expected, the runoff variances decrease as the

evaporation variances increase. Soil moisture variances

increase in the east and decrease in the west in the

progression of experiments.

Figure 5 shows the impact of changing the runoff

function while keeping the evaporation function con-

stant. Only in the first two experiments (Figs. 5a and 5b)

is runoff produced for all values of soil moisture. Runoff

production is made more and more difficult in the pro-

gression of experiments (Figs. 5a–d); in the final exper-

iment (Fig. 5d), for example, runoff is produced only

when W exceeds 0.75.

In this set of experiments, western evaporation vari-

ances increase and runoff variances decrease slightly as

runoff production is made more difficult. These results

make intuitive sense: the runoff ratio itself decreases

(second column), and changes in variance do tend to

follow, to some extent, changes in the mean. Again,

however, there is much more to the story; variability is

FIG. 4. Impact of the shape of the lE/Rnet relationship on hydrological means and variability: panels as in Fig. 3.
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also controlled by the shapes (e.g., the slopes) of the

imposed functions. The W values in the west are gen-

erally low, and the progression of experiments in Fig. 5

(first column) shows a decreasingQ/P-versus-W slope in

the dry regime. Runoff variances for this regime, which

partially reflect these slopes, thus decrease in the pro-

gression of experiments, and evaporation variances in-

crease accordingly. Such arguments regarding changes

in slope are, in fact, essential in the east where runoff

variance increases in the progression of experiments

even as the mean runoff decreases. In contrast to the dry

regime, the wetter regime features an increasing Q/P-

versus-W slope as runoff production is made more dif-

ficult, encouraging higher values of s2
Q. For the final

experiment (Fig. 5d), the high slope only operates in the

0.75 , W , 1 range; however, for this experiment, the

lower runoff rates help nudge the soil moistures into this

wet range (see the shift in the range for the represen-

tative grid cell Z). Notice that soil moisture variances

increase almost everywhere as runoff production is

made more difficult.

The three sets of experiments in Figs. 3–5 are not

meant to be comprehensive; they are provided as

examples to illustrate how the shapes of the imposed

evaporation and runoff functions translate into various

facets of simulated hydroclimatic fields. They are also

presented to show how evaporation statistics are not

controlled solely by evaporation formulations, and how

runoff statistics are not controlled solely by runoff for-

mulations. One result is particularly intriguing: the time

variability of runoff (s2
Q) appears to be affected more by

changes in the evaporation function (Fig. 3) than by

changes in the runoff function (Fig. 5). Of course, the

magnitudes of the imposed changes in the evaporation and

runoff functions cannot be objectively compared; still, the

range of runoff functions examined in Fig. 5 is substantial.

5. Implications for evaporation and runoff behavior
in nature

Figure 2 provides a first-order indication of the spa-

tial patterns of QM/PM, s
2
Q, s

2
E*, and s2

W present in na-

ture. Figures 3–5 provide contrasting spatial patterns of

QM/PM, s
2
Q, s

2
E*, and s2

W for different choices of evap-

oration and runoff functions; some of these patterns look

more realistic, relative to Fig. 2, than others. By testing a

FIG. 5. As in Fig. 4 but showing the impact of the shape of the Q/P relationship.
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more comprehensive set of evaporation and runoff func-

tion combinations with the WBM, we could use Fig. 2 to

establish the particular pairing that best reproduces the

mean and variability distributions seen in the observa-

tions. The determination of such an optimal pairing

would identify the evaporation and runoff functions that

best represent (to within the limits of our assumptions)

the functions operating in nature.

We attempt such a determination here. We perform

a large number of WBM simulations with a more com-

prehensive variety of lE/Rnet andQ/P relationships, and

for each simulation we evaluate how well the patterns of

hydroclimatic statistics agree with observations.

Given that direct evaporation measurements on the

continental scale are unavailable, and because GRACE

data reflect changes over the entire snow–soil–aquifer

column rather than over the depth represented by the

WBM (and are, in any case, provided as anomalies), we

use the streamflow measurements alone to evaluate the

WBM reproduction of hydroclimatic means. That is, we

quantify the ability of a given pairing of lE/Rnet andQ/P

relationships to reproduce the mean runoff ratios in

the 23 basins shown in Fig. 2a. More specifically, we

compute hRMSE(QM/PM)i, the area-weighted root-

mean-square error of the WBM estimation of runoff

ratio, QM/PM:

hRMSE(QM/PM)i5 fSbasinAbasin[(Qsim,M/PM)

2 (Qobs,M/PM)]2/SbasinAbasing1/2 .
(2)

Here Qsim,M and Qobs,M are simulated and observed

annual mean streamflows for a given basin, PM is the

annual mean precipitation in the basin, and Abasin is the

basin area. Because both modeled and observed runoff

ratios lie between 0 and 1, a hRMSE(QM/PM)i close to 1

(i.e., a large average RMSE) implies a poor repro-

duction of mean runoff ratio. A hRMSE(QM/PM)i of 0,
of course, implies a perfect reproduction.

For three of the very small basins shown on the far

western coast (viz., those associated with the stream

gauges for the San JoaquinRiver atMokelunmeHill, for

the Tuolumne River at La Grange Dam, and for the

Willamette River near Oregon City; see Mahanama

et al. 2012 for details), no combination of evaporation

and runoff functions allowed a local runoff ratio RMSE

of less than 0.53. We interpret this as a severe incon-

sistency between the independently measured stream-

flow and precipitation data in the basin, and we remove

these three basins from consideration.

Figure 6 shows how hRMSE(QM/PM)i varies with the

tested combinations of evaporation and runoff function.

In fact, the precise quantity plotted here is 1 minus

hRMSE(QM/PM)i so that higher values indicate greater

skill. (Because hRMSE(QM/PM)i itself is constrained to

lie between 0 and 1, 1 minus hRMSE(QM/PM)i also lies

between 0 and 1, with a value of 1 implying perfect skill.)

The red curves in the top row of a panel show the pre-

scribed lE/Rnet relationships used, and the blue curves

in the left column show the prescribed Q/P relation-

ships. Skill for a given combination is indicated by the

color of the cell in the corresponding column and row.

Overall, 252 different pairings of lE/Rnet and Q/P re-

lationships are examined here. A number of relationship

combinations (e.g., that correspond to the cell labeled

B) are seen to provide relatively large values of 1 minus

hRMSE(QM/PM)i. The cell marked with an X in the

top panel identifies the combination that produces,

in the WBM, the best reproduction of hydroclimatic

means.

To examine the WBM reproduction of the spatial

distributions of hydroclimatic variability, we define

a composite skill score, SV, that characterizes the ability

of a given combination of lE/Rnet and Q/P relationships

to reproduce the spatial patterns in Figs. 2b–d:

SV 5 (r2Q 1 r2E 1 r2W)/3. (3)

The quantity r2Q is the square of the spatial correlation

between the WBM-generated distribution of annual

basin runoff variance and the distribution in Fig. 2b

(removing from consideration the three aforementioned

questionable basins), with areal weights applied in the

calculation. The term r2E is the square of the spatial

correlation between theWBM-generated distribution of

s2
E* (for MJJAS, as in Figs. 3–5) and the observed

(proxy) pattern in Fig. 2c. (The station data in Fig. 2c are

aggregated to the WBM 2.58 3 2.58 resolution prior to

computing this correlation.) Finally, r2W is the square of

the spatial correlation between the WBM-generated

MJJAS soil moisture variance pattern and the s2
W pat-

tern derived fromGRACE data in Fig. 2d. Note that, by

considering only spatial correlations, inconsistencies

between the total water measured by GRACE and the

water amounts allowed by the WBM are avoided.

In analogy to Fig. 6, Fig. 7 shows how SV varies with

imposed combination of lE/Rnet and Q/P relationships.

The highest skill level appears in Fig. 7c in the cell

marked with an X; the corresponding lE/Rnet and Q/P

relationships are thus those that allow the WBM to best

reproduce the observations-based spatial distributions

of hydroclimatic variability.

We now define a final skill score, ST, that identifies the

combinations that reproduce well both the means and

the variability:
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ST 5 SV 1 (12 hRMSE(QM/PM)i) ; (4)

ST, which has a maximum value of 2, will only be large if

both of its component terms are large.

Results for ST are shown in Fig. 8. The combination

that performs best in the WBM for the joint consider-

ation of means and variability is that corresponding to

the cell labeled with an X in the third panel.

We must, of course, be cautious in interpreting this

combination as representing the functions that effectively

operate in nature, given (i) all of the assumptions un-

derlying theWBM, (ii) that the optimization procedure is

simple and subject to the somewhat arbitrary form of (3),

and (iii) that several alternative combinations in Fig. 8

also perform well. On the other hand, given that the

lE/Rnet and Q/P relationships operating in nature have

never been measured directly at the large scale, the col-

lection of high-scoring combinations isolated here are of

interest. Some indication of how well the identified opti-

mal relationships relate to those operating in the realworld

is provided in Fig. 9, which compares the observedQM/PM,

s2
Q, s

2
E*, and s2

W fields with those simulated by the WBM

using a single pair of optimal functions. The particular set

used is that corresponding to the X in Fig. 8. The agree-

ment is certainly not perfect: a particularly egregious dif-

ference, for example, is seen for s2
Q in the Ohio River

basin (the large basin in the far east), with simulated and

observed values of 0.055 mm2 day22 and 0.11 mm2 day22,

respectively; also, the high simulated s2
W values do not

extend far enough into thewest. Even so, the observed and

simulated fields do show a great many similarities, despite

the limited number of degrees of freedom underlying the

WBM structure (two parameters each for the lE/Rnet and

Q/P relationships plus some latitude in choosing thewater-

holding capacity). The ability of two optimized functions

FIG. 6. (a) Variationof themean skill score 1minus hRMSE(Q/P)i
(see text) as a function of imposed lE/Rnet vs W relationship (the

red curves along the top of the panel) and imposed Q/P vs W re-

lationship (the blue curves along the left side of the panel). The x

axis and y axis for the lE/Rnet andQ/P curves span the range (0, 1),

as in the leftmost panels of Figs. 3–5. The skill score for a given

combination of relationships is indicated by the color of the cell

lying in the corresponding column and row. (b)–(d) As in (a) but

for a (b) second, (c) third, and (d) fourth set of lE/Rnet relation-

ships. Letters mark combinations that are discussed specifically in

the text.

FIG. 7. As in Fig. 6 but for the skill score focusing on hydrological

variability, SV.
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to capture, to first order, several facets of the observa-

tional record in Fig. 9 suggests that the optimized func-

tions do reflect something fundamental about nature.

6. Implications for land surface model
development

The WBM used here is, by design, very simple. The

usefulness of the sensitivities found above relies wholly on

the degree to which the WBM, despite its simplicity,

captures the first-order controls imposed by the land

surface on large-scale hydroclimatic behavior. We now

examine this question using a full land surface model

designed for use with numerical climate models. We fur-

ther demonstrate that the sensitivities uncovered with the

WBM can, indeed, guide improvements in the full LSM.

The LSM examined is a recent, developmental ver-

sion of the Catchment LSM of Koster et al. (2000)—the

land component of the earth system model of the

NASA/Goddard Space Flight Center (GSFC) Global

Modeling andAssimilationOffice. The Catchment LSM

is like other state-of-the-art LSMs in its consideration

of a full range of processes (stomatal conductance, in-

terception, baseflow, snow, etc.) to determine the fluxes

that make up the surface energy and water budgets. The

model is unique, however, in its treatment of hydro-

logical processes—the land element is divided into time-

varying areal fractions defined by topography and water

content, and each areal fraction is treated as a separate

hydrological regime, with regime-specific treatments of

runoff and evaporation processes applied within. The

model has been applied and tested in a number of set-

tings (e.g., Ducharne et al. 2000; Boone et al. 2004,

Bowling et al. 2003; Reichle et al. 2011). The particular

version used here is similar to that used by Li et al.

(2012) in its treatment of resistance to bare soil evapo-

ration and hydraulic conductivity decay with depth; this

‘‘nonfrozen’’ version of the model shows room for im-

provement and is thus appropriate for the present

demonstration.

As suggested in section 1, the net effect of the com-

plex, interacting formulations for evaporation in a LSM

can be characterized, to first order, by a diagnosed

monotonic relationship between soil moisture content

and evaporative fraction. This is illustrated in Fig. 10a

for the Catchment LSM. The LSM was driven over the

CONUS domain at a resolution of 0.58 3 0.58 using the

full complement of the University of Washington forc-

ing (Andreadis et al. 2005) for the period 1948–2000, in

the manner described for the control simulations of

Mahanama et al. (2012). Output from the simulation

was averaged over each month during May–September

starting in 1948. Each point in Fig. 10a refers to a specific

month, year, and location in CONUS; it is located in the

plot according to its wilting-point-corrected monthly

W (x axis) and its monthly lE/Rnet (y axis). The curve

drawn through the points was constructed by computing

the average of the lE/Rnet values over narrow bins ofW.

(Note that different locations have different minimum

W values, as induced by differences in the soil textures

assumed by the model. Prior to plotting W for a given

point in Fig. 10a, the minimum attainable soil moisture

at that point was subtracted from it; this is what is meant

here by ‘‘wilting-point-corrected’’ W.)

The Catchment LSM’s evaporative fraction function

is thus characterized by a curve that increases with W

until W (relative to the baseline associated with wilting

point) reaches about 0.2, at which point the curve plateaus

to a roughly constant level. The scatter about the curve is

large, as would be expected given that the Catchment

LSM is in fact a complex model. Still, the fitted curve

captures its first-order behavior.

The corresponding plot for runoff ratio is presented in

Fig. 10b. The scatter here appears larger; this presumably

FIG. 8. As in Fig. 6 but for ST—a skill score focusing on both means

and variability.

1614 JOURNAL OF HYDROMETEOROLOGY VOLUME 13



reflects the impact of baseflow,which can allowwinter and

early spring precipitation to run off during warm season

months even if precipitation in the latter period is small.

Despite the scatter, a clear increase ofQ/PwithW is seen

in the distribution of points, as captured by the fitted curve.

The set of fitted curves in Fig. 10 is now used as the set

of prescribed lE/Rnet and Q/P relationships in a WBM

simulation. The degree to which the WBM thereby

captures the behavior of the full LSM is shown in Fig. 11;

Figs. 11a and 11b show, respectively, the Catchment-

LSM and WBM simulations of QM/PM, s
2
Q, s

2
E*, and

s2
W . (Because of differences in effective water-holding

capacity between the LSM and WBM and our focus, in

any case, on the spatial distribution of variability, the

values of s2
W in each panel are independently and arbi-

trarily scaled to allow easier comparison.) The agree-

ment in all fields is reasonably strong. The WBM,

despite its simple structure, appears to capture the

controls of the more complex LSM on hydroclimatic

means and variability, reproducing, for example, the

swath of high s2
E* down the center of the continent and

the LSM’s magnitudes ofQM/PM and s2
Q in almost all of

the large-scale basins.

The WBM performance here suggests that the sensi-

tivity results presented in Figs. 6–8 can help guide LSM

development. The idea is simple: if a change to the

WBM set of lE/Rnet and Q/P relationships leads to a

more realistic set of hydroclimatic statistics, the corre-

sponding change to the full LSM effective relationships

should show a similar benefit. We test this idea now.

The fitted lE/Rnet andQ/P relationships in Fig. 10 for

the LSM agree most closely with those corresponding to

the box labeled A in Figs. 6–8. This combination is seen

from these figures to be suboptimal for the WBM. Ac-

cording to Fig. 8, the WBM overall behavior improves

(relative to that produced with the combination for box

A) if the height of the evaporation function is decreased

(i.e., we move leftward from box A in Fig. 8a) or if the

transition point between soil-moisture-controlled and

energy-limited evaporation increases (i.e., we move

from box A to the equivalent location in Figs. 8b, 8c, or

8d). Note that a change to the runoff function cannot by

itself lead to an improvement.

These WBM results suggest a simple sensitivity test

with the Catchment LSM—we should adjust the LSM

evaporation formulation so that its effective lE/Rnet

function is reduced at all soil moisture levels, and par-

ticularly for lower soil moisture levels. In our test, we

increase the Catchment LSM resistances to both bare

soil evaporation and transpiration in such a way that the

fitted, effective evaporation function is transformed from

that shown in the first panel of Fig. 12a to that in the first

panel of Fig. 12b—a form that has the desired specifica-

tions. (The change involves a reworking of certain soil

moisture stress terms in the evaporation calculation.) The

Catchment LSM runoff parameterization is not changed

in the test, and accordingly, the fitted runoff relationship

is essentially the same. The new combination of fitted

relationships roughly agrees with the combination of re-

lationships corresponding to the box labeled B in Fig.

FIG. 9. (a) Simulation of hydroclimatic statistics from the version of the WBM that best reproduces observations (indicated by the box

marked with an X in Fig. 8). This row provides, for the indicated pairing of lE/Rnet and Q/P relationships, the resulting WBM-derived

spatial distributions (from left to right) of the average runoff ratio QM/PM in individual basins (dimensionless), s2
Q in individual basins

(mm2 day22), s2
E* (no units), and s2

W (no units). Note that s2
E* and s2

W are arbitrarily scaled to allow the spatial patterns to be compared

with those of the observations. (b) Corresponding hydroclimatic statistics from observations.
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8b—a combination that should, according to Fig. 8, pro-

duce more realistic results.

This is verified in columns 2 through 5 of Fig. 12, which

show, respectively, the simulated distributions of QM/

PM, s
2
Q, s

2
E*, and s2

W from the Catchment LSM (before

and after the parameterization change) and the ob-

served distributions. Note again that the evaporation

‘‘observations’’ are, in fact, temperature-based proxies

so that only the spatial pattern of s2
E* is relevant here;

we thus scale the values arbitrarily (but uniformly across

CONUS) to allow similar shading levels to appear in

the different s2
E* maps for easier comparison. The

GRACE-based s2
W values are similarly scaled.

The improvement in QM/PM, s
2
Q, and s2

E* obtained

with the modified LSM (Fig. 12b) is clear. The magni-

tudes of QM/PM and s2
Q (which are not scaled in the

figure) are much more realistic, and the inaccurate band

of high s2
E* values along the eastern coast of the conti-

nent has disappeared—the spatial pattern of s2
E* ob-

tained with themodified LSMmore closely matches that

of the observations. The simulated spatial distribution of

s2
W is not obviously improved, though the distribution

is spread out more toward the west than before, in

agreement with the GRACE data.

7. Summary and discussion

The simple water balance model (WBM) described in

section 2, when integrated with several decades of

observations-based forcing, generates continental-scale

fields of hydroclimatic statistics—namely, mean runoff

and the variances of runoff, evaporation, and soil mois-

ture. TheseQM/PM, s
2
Q, s

2
E*, and s2

W fields are seen to be

strongly sensitive to changes in the WBM’s imposed soil

moisture–evapotranspiration and soil moisture–runoff

relationships. In accordance with the KM97 findings for

mean fluxes, what matters most for both means and

variability is the relative positioning of the two re-

lationships; both evaporation and runoff are affected

by the two imposed relationships working together. A

comparison of Figs. 3 and 5 shows that runoff statistics

in the WBM are, in fact, affected more by the imposed

evaporation formulation than by the imposed runoff

formulation.

Comparisons with observed fields (the absolute

magnitudes of QM/PM and the spatial patterns of s2
Q,

s2
E*, and s2

W) give an indication of the soil moisture–

evapotranspiration and soil moisture–runoff formulations

effectively operating in nature, under the assumption

that a single pairing of functions can be considered

universal. This assumption is naturally flawed; for ex-

ample, the efficiency of evapotranspiration presumably

varies with the character of vegetation, and runoff gen-

eration presumably varies with the character of pre-

cipitation (e.g., large-scale versus convective) and differs

in mountainous versus nonmountainous areas. In fact,

when the WBM runoff results are optimized with ob-

servations in each basin independently (not shown),

the optimal runoff functions for the more mountainous

basins do tend to allow a somewhat more efficient

production of runoff. Nevertheless, such spatial cor-

rections to the optimal functions appear to be second

order. Figure 11 shows, for example, that a single set of

functions captures to first order the hydroclimatic

statistics produced by a full, state-of-the-art LSM.

Furthermore, Fig. 9 indicates that the WBM, using the

FIG. 10. (a) Scatterplot constructed from a multidecadal simu-

lation over CONUS with the Catchment LSM of Koster et al.

(2000). Each dot corresponds to a single grid cell and a single

month during May–September of a single year; it is located on the

plot according to themean soil moisture simulated for that location

and time period (x axis) and the corresponding simulated evapo-

rative fraction (y axis). The line through the points was constructed

via a simple binning procedure. (b)As in (a) but for soil moisture vs

runoff ratio.
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optimal pairing of functions from Fig. 8, reproduces

much of the character of hydroclimatic variability in

North America. Overall, the results support the idea

that our optimized pairings of functions do represent

the functions effectively operating in nature—again, to

first order.

The complex relationships between soil moisture, evapo-

transpiration, and runoff in a land surface component

FIG. 11. (a) Hydroclimatic means and variability as generated by a full land surface model. Shown in order (from left to right) are the

simulated spatial distributions ofQM/PM (dimensionless), s2
Q (mm2/day2), s2

E* (mm2 day22), and s2
W (no units); note that s2

W is arbitrarily

scaled in the last panel. (b) As in (a) but for theWBM fitted with the lE/Rnet andQ/P relationships derived from the full land model, and

with a different scaling factor used for s2
W .

FIG. 12. (a) The average lE/Rnet and Q/P relationships underlying the full land surface model along with the simulated spatial dis-

tributions (from left to right) of QM/PM (dimensionless), s2
Q (mm2 day22), s2

E* (no units), and s2
W (no units) produced by the full land

surface model. (b) As in (a) but for a revised version of the full land surface model, and with different scaling factors used for s2
E* and s2

W

and (c) observed spatial distributions of QM/PM, s
2
Q, s

2
E*, and s2

W , from Fig. 2. The values of s2
E* or s2

W within a given panel are scaled

arbitrarily to allow the simulated and observed spatial patterns to be more easily compared.
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of a numerical climate model can also be mimicked with

the WBM, as demonstrated in Fig. 11. This agreement

suggests a framework for LSM development and im-

provement, one that could supplement more traditional

approaches (e.g., evaluation and calibration of an LSM

at small spatial scales with flux tower data). A LSM’s

deficiencies in regard to hydroclimatic simulation can be

characterized by its effective position on skill plots such

as those in Figs. 6–8, and those skill plots in turn indicate

how a LSM’s evaporation and/or runoff formulation

should be modified to improve its simulation of hydro-

climate. The particular version of the Catchment LSM

examined in Fig. 12a produced markedly insufficient

runoff ratios in the eastern United States. According to

Fig. 8, the WBM analog for the LSM could be improved

not by adjusting the runoff formulation but by adjusting

the soil moisture–evaporation relationship downward to

a certain level. A corresponding modification to the LSM

produced the desired improvement in hydroclimatic

simulation.

The importance of a proper characterization of

hydroclimatic means and variability cannot be over-

emphasized. Hydroclimatic variability is particularly

important in the realm of prediction; an improved

understanding and simulation of such variability has

potential for improvements in short-term and sub-

seasonal weather prediction (Seneviratne et al. 2010)

and seasonal streamflow prediction (e.g., Mahanama

et al. 2012)—issues of obvious societal relevance. The

WBM has been demonstrated here to be a useful tool

for investigating controls on this variability and for

guiding the development of improved ways to simu-

late it.
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APPENDIX

Observations-Based Estimate of Evaporation
Variability

Seasonally-averaged (MJJAS) temperature is used as

a proxy for seasonally-averaged evaporation in the es-

timation of the spatial pattern of s2
E* in Fig. 2c. The

seasonal averaging largely smoothes away the effects of

other mechanisms that affect temperature variability,

such as synoptic-scale weather; at the seasonal scale,

evaporation variability remains as the dominant de-

terminant of temperature variability, making the use of

the temperature-based proxy possible.

By direct analogy to (1), we characterize themoisture-

related variance of the temperature variable T as

s2
T*5s2

Tr
2(T,Pann) , (A1)

where s2
T is the total variance ofMJJAS-averaged T and

r2(T, Pann) is the square of the correlation coefficient

between MJJAS-averaged T and the total precipitation

between October and September. We then assume

s2
E*;s2

T*. (A2)

The evaporation–temperature connection is straight-

forward in regions for which evaporation is soil moisture

controlled rather than energy limited (e.g., Seneviratne

et al. 2006); evaporation acts to cool the surface, and

therefore years with higher MJJAS evaporation should

have lowerMJJAS surface—and thus air—temperature.

In such regions, a higher evaporation variance should

lead to a higher temperature variance, and both E and

T should show significant correlations with moisture

availability (Pann). In regions with energy-limited evapo-

ration, on the other hand, the relationship between

evaporation and temperature is more complex; the

correlation between them can even be positive. How-

ever, in such regions, r2(E,Pann) (the correlation between

evaporation and moisture availability) is, almost by defi-

nition, small, and in the absence of a nonevaporation-

related mechanism for allowing soil moisture to be

correlated with temperature, the same must hold for

r2(T, Pann).

It is appropriate, of course, to point out the caveat that

a nonevaporation-related mechanism may, in fact, pro-

vide nonzero r2(T, Pann) or even nonzero r2(E, Pann)

values in energy-limited evaporation regimes. One

obvious mechanism to consider is the reduction of

incoming radiation associated with higher precipi-

tation. The relevance of this mechanism is reduced

here by the use of annual precipitation rather than the
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contemporaneous MJJAS precipitation in (A1); we use

annual precipitation, by the way, to account for the fact

that antecedent precipitation during cooler months,

when evaporation is low, can provide water to warm

season evaporation through storage in ground reservoirs

(Milly 1994). In any case, a modeling study (Koster

et al. 2009) provides strong evidence that the radiation

mechanism plays a negligible role in controlling sea-

sonal temperature variances.

With this caveat, the product s2
Tr

2(T, Pann) should

increase with the product s2
Er

2(E, Pann) in moisture-

limited regions, and both products should be near zero

in energy-limited regions, supporting the use of (A2).

While the units of the two quantities in (A2) differ, their

spatial patterns should exhibit common spatial struc-

tures, allowing a model-based s2
E* field to be evaluated

via a spatial correlation of the corresponding model-

based s2
T* field with the observational s2

T* field.

Alternative averaging periods for the precipitation

(January–September and April–September) turn out to

produce essentially the same s2
T* fields (not shown). In-

deed, an independent modeling analysis suggests that all

three averaging periods produce a high degree of corre-

lation of accumulated precipitation withwarm season soil

moisture, partially reflecting the fact that much of the

annual precipitation across the United States falls during

the warm season. While small differences in these model

results could in principle be used to assign different pre-

cipitation accumulation periods to different regions, we

utilize annual accumulations both for simplicity and to

keep the observations-based estimation of s2
T* and, thus,

s2
E* completely independent of land model assumptions.

The air temperature and precipitation data used for

the s2
T* calculation are station data from the Global

Historical Climatology Network (GHCN) (Peterson

and Vose 1997). We examined all stations within North

America that satisfy two constraints: (i) the existence of

at least 30 years of MJJAS air temperature values and

(ii) the coexistence of monthly GHCN precipitation

data for the same years, for either the same site or for

a station within a few kilometers of the site.
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