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[1] This paper demonstrates the usefulness of watershed-scale surface water and energy
budget analysis for evaluating model skill and deficiencies. Mississippi river basin land
surface model water and energy budget simulations from the Second Global Soil
Wetness Project (GSWP-2) are compared with available observations from 1986 to 1995.
Forced by the same meteorological parameters, the evaluated GSWP-2 land surface
models (SSiB, Noah and CLM2-TOP) exhibit similarities and differences in depicting
basin averaged water and energy balance components. The CLM2-TOP evaporation
approaches the reanalysis and runoff is closer to the gauge measurement, while the Noah
model’s evaporation is underestimated and the corresponding runoff is overestimated,
which could be related to the limitation in the parameterization of turbulent flux and
infiltration process. The energy components of the three land surface models have a
similar seasonal cycle but with different magnitudes. Despite the seasonal differences, the
interannual variations of water and energy budget components are comparable and
correlated. Overall, the more complex CLM2-TOP model outperforms the SSiB and Noah
models in reproducing watershed-scale seasonal and interannual water and energy
variations. All three models consistently reveal that the most extreme hydrological events
are associated with El Niño-Southern Oscillation (ENSO) phases. However, the
relationship of surface water components to ENSO varies geographically. For future
studies, land-atmosphere coupled processes need to be included to determine the ability of
land surface models to represent surface water and energy processes.
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1. Introduction

[2] Water and energy cycling is tightly intertwined
because water phase transitions are significant regulators
of energy balances, making it necessary to study them as a
single cycle. The global water and energy cycle plays an
important role in controlling climate variability through the
interaction between the land surface and the atmosphere via
exchange of energy, water and momentum [Groisman et al.,
2004; Anderson et al., 2006; Rodriguez and Cavalcanti,
2006]. The net water cycle impact on climate should
account for the integral system of full cycle evaporation,
water vapor transport, cloud formation, precipitation and
runoff. On average, the amount of moisture convergence
into particular land regions must be equal to the amount of
streamflow out of the region, which is the basis of this
budget study. In this way, the accuracy of the water and
energy cycle measurement and model simulations can be
evaluated using these budget studies.

[3] Various water and energy budget studies have been
conducted for diverse climate regions such as large-scale
continental regimes [Roads et al., 1994; Nicholson et al.,
1997; Ropelewski and Yarosh, 1998; Mariotti et al., 2002]
and regional-scale river basins [Zeng, 1999; Chen and
Kumar, 2001; Betts and Viterbo, 2000; Fukutomi et al.,
2003; Dery et al., 2005; Luo et al., 2005]. Unfortunately,
most of these studies are difficult to validate because of
limited observational networks for key hydrological state
variables, such as soil moisture, water vapor, evapotranspi-
ration and snow water equivalent. Four-dimensional data
assimilation techniques overcome this problem by produc-
ing global reanalysis data sets using a frozen model and
assimilation framework.
[4] The Global Energy and Water Cycle Experiment

(GEWEX) Continental Scale International Project (GCIP)
[Coughlan and Avissar, 1996] assessed the ability of re-
analysis to estimate the water and energy budgets for the
Mississippi River basin. They evaluated the National Cen-
ters for Environmental Prediction/National Center for At-
mospheric Research (NCEP/NCAR) [Kalnay et al., 1996]
and the European Centre for Medium-Range Weather Fore-
casting (ECMWF) [Gibson et al., 1997] reanalysis products.
Results of this GCIP analysis vary significantly for different
reanalysis products. Surface water and energy budgets are
more convincing for timescales longer than diurnal using
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the ECMWF reanalysis spanning from 1985 to 1993 for
Arkansas-Red River basin since a significant spinup appears
in precipitation in the first 24 h [Betts et al., 1998]. This
point was further analyzed for the subbasins of the Mis-
sissippi for the same period [Betts et al., 1999]. Several
issues related to ECMWF model physics were also pointed
out, such as an erroneous peak in convective precipitation
on 2-d and monthly timescales, too little spring runoff and
the overly significant data assimilation nudging term. The
comparison between the NCEP-NCAR and ECMWF re-
analysis against observations over the Mississippi River
basin shows that both reanalyses produce similar seasonal
energy budgets [Roads and Betts, 2000]. The former re-
analysis overestimates seasonal precipitation and runoff,
and the latter agrees well with the seasonal observed
precipitation and with underestimated surface runoff.
[5] It is evident that the accuracy of the reanalysis water

and energy budgets is degraded by the biases and errors in
the underlying general circulation models. One approach to
minimize systematic errors is to combine the high temporal
resolution reanalysis with lower temporal resolution global
gridded observation data to cover a full range of time and
space scales; the so-called ‘‘hybridization’’ approach. The
hydrological simulations were improved over the Missis-
sippi River basin after the bias reduction scheme (hybrid-
ization) was implemented for both the NCEP/NCAR and
ECMWF reanalyses [Berg et al., 2003]. The Second Phase
of the Global Soil Wetness Project (GSWP-2) applied
hybridization to minimize the systematic errors in the
reanalysis using gridded observations to produce the best
global estimates of land surface state variables and fluxes
[Zhao and Dirmeyer, 2003].
[6] This paper attempts to estimate the characteristics of

surface water and energy budgets in the Mississippi River
basin using newly produced land surface products from
GSWP-2 against available observations, to evaluate the
ability of land surface models to characterize the water
and energy budgets and hence to gain insight into the
accuracy of treatment of land surface process. Moreover,
we endeavor to quantify the seasonal and interannual water
and energy cycle variability; in particular long-term changes
related to the well-established El Niño-Southern Oscillation
(ENSO) phenomenon.
[7] The structure of this paper is as follows. The GSWP-2

products, land surface models and observations are de-
scribed in section 2. The basic features of the seasonal
and interannual cycle of water for the Mississippi River
basin are presented in section 3. The energy budget is
analyzed in section 4. The linkage between ENSO and
hydrological cycle is documented in section 5. Finally, a
brief summary is presented in section 6.

2. GSWP-2 Products and Observations

2.1. GSWP-2 Products

[8] GSWP-2 is an ongoing multi-institutional model
research activity of the GEWEX Global Land-Atmosphere
System Study (GLASS) and the International Satellite
Land-Surface Climatology Project (ISLSCP) [Dirmeyer et
al., 2006]. The global 3-hourly 1� � 1� data sets of land
surface state variables, fluxes and related hydrologic quan-
tities are generated from offline numerical experiments

using state-of-the-art land surface models spanning the
10-year period from 1986 to 1995.
[9] The meteorological forcing in GSWP-2 combines the

high time resolution and complete spatial coverage of the
reanalysis with the ground truth archived in the monthly
observational data sets. Precipitation is primarily based on a
hybridization of National Centers for Environmental Pre-
diction/Department of Energy (NCEP/DOE) reanalysis
[Kanamitsu et al., 2002], the Global Precipitation Clima-
tology Center (GPCC) gridded gauge analysis [Rudolf et al.,
1994] and the Climate Research Unit (CRU) high resolution
gauge measurements. The Global Precipitation Climatology
Project (GPCP) monthly product [Hoffman et al., 1997] is
blended in areas of low gauge density.

2.2. Land Surface Models

[10] The baseline experiment simulations from three
GSWP-2 models, including the Center for Ocean-Land-
Atmosphere (COLA) Simplified Version of the Simple
Biosphere Model [SSiB; Xue et al., 1991], the Noah Land
Surface Model [Noah; Ek et al., 2003] and the Community
Land Model version 2 [CLM2-TOP; Bonan et al., 2002; Niu
et al., 2005], are used in the paper. These three models vary
in complexity for the treatment of exchange of energy,
mass, momentum and CO2 between land surface and
overlying atmosphere. SSiB is a simplified version of the
Simple Biosphere Model (SiB) [Sellers et al., 1986] with
reduced physical parameters and improved computational
efficiency. It represents mass and energy transfer between
land surface and atmosphere based on a resistance formu-
lation. Noah, originally developed from a physically based
surface-vegetation-atmosphere transfer scheme [Mahrt and
Pan, 1984], has now been upgraded into a mature opera-
tional coupled modeling system with realistic physics pack-
ages and moderate complexity. CLM2-TOP is a more
sophisticated land surface scheme, which was developed
from CLM version 1 with upgrades in the parameterization
of biogeophysics, carbon cycle and vegetation dynamics.

2.3. Observations and Investigated Region

[11] Two types of observed precipitation are utilized to
evaluate the accuracy of GSWP-2 precipitation forcing. One
is the U.S. Daily 0.25� � 0.25� unified precipitation data set
developed from multisource gauge stations ranging from
1948–1998 [Unified-P; Higgins et al., 2000]. The other is
an improved version 2 of the GPCP 2.5� � 2.5� monthly
precipitation data set extending from 1979-present, which
incorporates both satellite measurement and rain gauge
observations [Adler et al., 2003]. The observed daily
streamflow discharges for 1985–1996 are obtained from
U. S. Geological Survey (USGS) (available online at http://
water.usgs.gov/nwis). We choose the Vicksburg, Missis-
sippi streamflow gauge as the representative of the entire
Mississippi River basin runoff.
[12] The Mississippi River basin (Figure 1) covers

approximately 3.2 million km2 with an agricultural econo-
my profit of $100 billion per year. This area is also the core
region of the GEWEX GCIP study and has been the focus
of many meteorological and hydrological studies and data
set collections. The basin can be subdivided into several
subbasins, each being characterized by unique topographic
and climatological features. Therefore the Mississippi River
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basin experiences frequent seasonal hydrological cycle
extremes, such as droughts and floods.

3. Water Budget

[13] The land surface water balance is expressed as

dW

dt
¼ P � E � R ð1Þ

where W denotes surface water storage, which includes soil
moisture, snow water equivalent and canopy water, P is
precipitation, E evaporation representing evapotranspiration
from bare soil, lakes and vegetation as well as surface
snowpack sublimation, R runoff including the surface and
subsurface flow.

3.1. Annual Cycle

[14] Figure 2 shows the annual cycle of monthly precip-
itation, evaporation, runoff and surface water storage ten-
dency for the Mississippi river basin during 1986–1995.
The three participating GSWP-2 land surface models utilize
the same precipitation forcing which exhibits similar sea-
sonal variability with GPCP and Unified-P, with a maxi-
mum in May and a decrease to minimum values in January
(Figure 2a). The correlation coefficients for GPCP and the
Unified Precipitation with respect to GSWP-2 are 0.94 and
0.96 respectively, although an overestimation exists in
GSWP-2 precipitation. The monthly mean evaporation
shows a more prominent seasonal cycle than precipitation.
In the winter months (December–February) minimum
evaporation is below 0.14 mm/d, during the summer
(June–August) maxima reach over 3.5 mm/d, exhibiting
an order of magnitude change during the course of the
annual cycle (Figure 2b). The annual cycle of evaporation in

CLM2-TOP is close to ECMWF by Roads and Betts
[2000], larger than SSiB and Noah, with the largest differ-
ence between CLM2-TOP and Noah being 2.3 mm/d in
July. The three models apparently overestimate runoff
during the entire year (Figure 2c) which is likely affected
by water management practices, such as water extraction for
irrigation, industrial and urban use, as well as the model bias
in runoff and evaporation physics, such as small water-
holding capacity. In addition to runoff overestimation, the
peak discharge timing varies among the models, reflecting
the differences in snowmelt process during spring. Overall,
CLM2-TOP is closer to the gauge observation perhaps due
to a more realistic parameterization of runoff [Niu et al.,
2005]. A remarkable feature of the surface water seasonal
cycle storage change among the three models is the simi-
larity between SSiB and CLM2-TOP, with storage depletion
both in spring and summer, and recharge during the rest of
the year. Contrary to what is seen in other two models, Noah
shows a peak recharge in late spring resulting from snow-
melt and weak depletion after May. Although the models
show different seasonal cycle patterns, the simulated water
cycle components from each model are balanced over the
annual cycle.

3.2. Interannual Variability

[15] The 10-year mean precipitation, evaporation and
runoff from the three models are presented in Table 1. It
is clear that P � E is equal to R which suggest that the long-
term water cycle is balanced over the Mississippi river basin
for each model.
[16] Time series of annual, June–July–August (JJA)

precipitation from GSWP-2, GPCP and Unified-P and
annual, JJA of evaporation, water storage, and runoff from
three models compared with the observations for the period
1986–1995 are shown in Figure 3. All three precipitation

Figure 1. Mississippi River basin (shaded area).
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data sets are in good agreement, showing dry periods in
1988, 1992, and 1994 and wet periods in 1990 and 1993
(Figure 3a). Consistent with annual precipitation, JJA pre-
cipitation exhibits similar interannual variation and illus-
trates two extreme hydrological events occurring in the
Mississippi River basin (the 1988 summer drought and
the 1993 summer flood). Annual precipitation shows higher
correlation with JJA precipitation than January–February–
March (JFM) precipitation for all three data sets (Table 2),
which implies that the interannual variation of summer
precipitation has a large impact on the annual precipitation.
[17] The interannual evaporation variation is in good

agreement with the interannual cycle of precipitation but
with smaller magnitude (Figure 3c). Less (more) evapora-
tion is observed during the dry (wet) period. Summer (JJA)
evaporation is noticeably in phase with annual evaporation
with minimum and maximum occurring in 1988 and 1993,
respectively (Figure 3d). CLM2-TOP generates the largest
annual and summer evaporation, Noah has the smallest
interannual evaporation; which is consistent with seasonal
cycle. Nonetheless, summer evaporation in each model
shows higher correlation with annual evaporation than
winter evaporation (Table 3), highlighting the considerable
effect of the interannual variation of summer evaporation on
annual evaporation. It is noted that the correlation coeffi-
cient between annual and summer evaporation exceed 0.9 in
SSiB and CLM2-TOP, much larger than Noah (0.37). The
varying magnitude of correlation further reveals the dis-

crepancy in the treatment of soil property, surface vegeta-
tion and aerodynamic resistance involved in model
evaporation calculation.
[18] The runoff time series exhibit the significant tempo-

ral signature with a 4-year cycle (Figure 3e). We observe
runoff is drastically reduced during the drought event in
1988 and is augmented during the flood event in 1993.
Another notable feature is the similarity between temporal-
phase characteristics of annual and JJA runoff (Figure 3f),
which indicates that the interannual variation of summer
runoff significantly contributes to annual runoff. In fact, the
larger correlations between JJA and annual runoff from each
model (Table 3) reinforce the substantial impact of summer
runoff on corresponding annual values. Similar to seasonal
cycle, the overestimation of interannual runoff is observed
in all three models during the 10-year period, CLM2-TOP
produces the smallest runoff, but is in good agreement with
the observations, especially in summer. The correlation
coefficients between JJA runoff and annual runoff com-
pared to the observations are closer for SSiB (0.7 compared

Table 1. Annual Water Budget From SSiB, Noah, and CLM2-

TOP for Mississippi River Basin (mm/a)

Model Precipitation Evaporation P-E Runoff

SSiB 981 522 459 459
Noah 981 279 702 702
CLM2 981 646 335 335

Figure 2. Annual cycle of monthly mean (a) GSWP-2 (solid), GPCP (dash) and Unified-P (dot dash)
precipitation (P; mm/d); (b) evaporation (E; mm/d), (c) runoff (R; mm/d), and (d) change of water storage
(W; mm/d) for SSiB (solid), Noah (dash) and CLM2-TOP (dot dash) during 1986 to 1995. The solid line
with the closed circle in Figure 2c is the runoff gauge measurement.

D15118 FENG AND HOUSER: WATER AND ENERGY BUDGETS

4 of 14

D15118



Figure 3. Time series of (a) annual, (b) JJA P (mm) from GSWP-2 (solid), GPCP (dash) and Unified
(dot dash), (c) annual, (d) JJA E (mm), (e) annual, (f) JJA R (mm), (g) annual, and (h) JJA W (mm) for
SSiB (solid), Noah (dash), and CLM2-TOP (dot dash) during 1986 to 1995. The solid line with the closed
circle in Figures 3e and 3f is the runoff gauge measurement.
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to 0.72), than with Noah (0.83) and CLM2-TOP (0.86),
indicating Noah and CLM2-TOP exaggerate the role of JJA
runoff. On the basis of the above analysis, the differences in
interannual variability of hydrological components from
three models, especially SSiB and CLM2-TOP, are attrib-
uted to the model’s treatment of land surface processes
during the summer.
[19] Interannual water storage change is much smaller

than other water components (Figures 3g and 3h). In
particularly, CLM2-TOP model approaches zero throughout
the 10-year period, indicating the model is close to balance
at annual scale, while SSiB and Noah achieve the balance
on longer timescales. Because of lack of water storage
measurement, at which timescale to close basin-scale water
balance remains a potential issue in model physics. The
prominent oscillations are noted in SSiB and Noah during
1986–1992. Specifically, SSiB exhibits a 3-year cycle with
considerable storage depletion during 1987–1989 and water
recharge during 1990–1992. A fast storage change is noted
in Noah, displaying dry soil during 1988–1989 and wet soil
during 1989–1991. Despite similar annual water storage,
SSiB and Noah show large discrepancy in summer water
storage, SSiB stores water in soil in summer during entire
10-year period, while Noah shows both water gain and loss
during summertime.
[20] The monthly anomalies of the surface water balance

components during 1986–1995 are illustrated in Figure 4.
The most striking feature is that the interannual anomalies
for the simulations and the observations are relatively
similar with corresponding annual mean seasonal cycles
as shown in Figure 3. This point is also noted by Roads and
Betts [2000]. GSWP-2 exhibits a remarkably similar inter-
annual cycle with GPCP and Unified-P (Figure 4a). This
can be clearly seen as a sharp of drop in precipitation
occurring in early summer during 1988, 1992, and 1994,
whereas the excess of precipitation over the Mississippi
River basin occurs in summer during 1986, 1993, and 1995.
According to Figure 4b, the interannual evaporation anom-
aly closely follows the precipitation behavior with a smaller
magnitude. Evaporation is reduced to 29.5 mm/month in
1988 resulting from a drop of precipitation and it increases
15 mm/month in 1993 summer due to a precipitation
increase. Meanwhile, CLM2-TOP and SSiB agree well with
each other in interannual monthly anomaly of evaporation,
in particularly exhibiting the extreme years in 1988 and
1993 which are also displayed by ECMWF by Roads and
Betts [2000]. Note that the positive anomalies of runoff
occur in summer of 1986–1987, 1991, and 1993, with
negative anomalies in the summer of 1988. The three
models show similar interannual patterns of runoff with
varying magnitude. Both SSiB and Noah overestimate the
magnitude of runoff variation; while CLM2-TOP is in good
agreement with the observation (Figure 4c). Water storage

change in CLM2-TOP is approximately negligible whereas
SSiB and Noah show large variability (Figure 4d). The
results discussed in this section suggest that CLM2-TOP
simulates the surface water balances more realistically as
compared to SSiB and Noah.

4. Surface Energy Budget

[21] The surface energy equation is written as

R ¼ SW þ LW � LH � SH � G� U ð2Þ

[22] Where R represents the energy balance residual, SW
and LW are the net shortwave and longwave radiation,
respectively, LH the surface latent heat flux, SH the sensible
heat flux, G the ground heat flux, and U the miscellaneous
term such as snow phase change heat flux.
[23] The magnitudes of the annual averages of R and U

approach zero, thus only the annual cycles of net radiation,
turbulent heat flux and ground heat flux are shown in
Figure 5. All models are relatively similar in capturing the
strong seasonal cycle of the net shortwave radiation with the
highest value occurring in the summer and lower values in
the winter (Figure 5a). This suggests that the treatment of
surface albedo is quite similar in each model, while the large
discrepancy is noted in the presence of snow, indicating the
model uncertainty in snow albedo calculation. The simulat-
ed seasonal net longwave radiation varies considerably
(Figure 5b), SSiB produces less negative net longwave
radiation, indicating a colder surface; Noah has the largest
negative net longwave radiation in the summer as a result of
the warm surface. Clearly, all three models exhibit discrep-
ancy in partitioning surface net radiation (SW + LW) into
latent, sensible heat flux and ground heat flux. The seasonal
cycle of sensible and latent heat fluxes appear to follow the
seasonal variation of the surface net radiation (Figures 5c
and 5d). The sensible heat flux in Noah is the largest except
in winter. The strong latent heat flux in CLM2-TOP is
consistent with its large evaporation (Figure 2b); the small-
est latent heat flux is produced in Noah to balance its lower
evaporation. Notably, CLM2-TOP exhibits more realistic
seasonal cycle of ground heat flux with two peaks
corresponding to the greatest vertical temperature gradient
in spring and summer, respectively. SSiB and Noah appear
to agree well in the ground heat flux variation.
[24] Figure 6 shows the interannual anomalies of net

shortwave radiation, net longwave radiation, sensible and
ground heat fluxes. It is noticed that the anomalies of net
shortwave radiation and net longwave radiation have oppo-
site interannual variations. The sensible heat flux anomaly

Table 3. Correlation Coefficients of JJA and JFM Evaporation

and Runoff With Annual Evaporation and Runoff for Mississippi

River Basin During 1986 to 1995

Data Sources

Evaporation Runoff

JJA JFM JJA JFM

Observation 0.72 0.57
SSiB 0.90 �0.09 0.70 0.40
Noah 0.37 0.30 0.83 0.22
CLM2-TOP 0.91 0.37 0.86 0.54

Table 2. Correlation Coefficients of JJA and JFM Precipitation

With Annual Precipitation for Mississippi River Basin During

1986 to 1995

Precipitation JJA JFM

GPCP 0.67 0.60
Unified 0.63 0.33
GSWP-2 0.57 0.27
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Figure 4. Monthly anomalies of (a) P (mm), (b) E (mm), (c) R (mm), and (d) W(mm) from SSiB
(solid), Noah (dash), and CLM2-TOP (dot dash) during 1986 to 1995. The solid line with the closed
circle in Figure 4c is the runoff gauge measurement.
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closely follows the behavior of net shortwave radiation.
Similar to evaporation, latent heat flux also shows a large
drop and increase in 1988 early summer and in 1993
summer, respectively. Ground heat flux and latent heat flux
are in good agreement with net longwave radiation in
interannual monthly anomalies. Roads and Betts [2000]
also report similar results using the NCAR-NCEP and
ECMWF reanalysis.

5. Possible Linkage Between ENSO and
Hydrological Cycle

[25] The analysis of the water and energy cycle budgets
discussed above show extremes in the 1988 summer

drought and the 1993 summer flood. It is interesting that
two opposite ENSO episodes occur in the years of 1988 and
1993: the cold 1988/1989 La Niña and the warm 1992/1993
El Niño. This motivates us to explore whether there are
meaningful connections between these two extreme hydro-
logical events and ENSO phenomena and whether the
possible relationship between ENSO signals and climate
events could be utilized for improving the predictability of
extreme hydrological events in this region.
[26] According to the discussion in section 3, the effects

of the JJA mean surface water cycle components on their
annual mean values are significant, so the behaviors of JJA
water cycle anomalies during ENSO onset periods are
analyzed in this section. Considering the fact that the ENSO

Figure 5. Annual cycle of surface energy budgets from SSiB (solid), Noah (dash), and CLM2-TOP
(dot dash) during 1986 to 1995. (a) Net surface short wave radiation (SW; Wm�2), (b) net surface
longwave radiation(LW; Wm�2), (c) latent heat flux (LH; Wm�2), (d) sensible heat flux (SH; Wm�2),
and (e) ground heat flux (G; Wm�2).
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Figure 6. Monthly anomaly of (a) SW (Wm�2), (b) LW (Wm�2), (c) SH (Wm�2), and (d) G (Wm�2)
for SSiB (solid), Noah (dash), and CLM2-TOP (dot dash) during 1986 to 1995.
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index close to JJA has larger predictability, April–May–
June (AMJ) mean of the Oceanic Niño index in the Niño 3.4
region is used to delineate ENSO episode. Figure 7 presents
the interannual monthly anomalies of JJA precipitation,
evaporation and runoff respectively, together with the
ENSO index. Notably, the two extreme hydrological events,
the 1988 drought and 1993 flood, are correlated with ENSO
indexes, corresponding to 1988 La Niña and the 1993 El
Niño, respectively. The depletion and excess of JJA precip-
itation in 1988 and 1993 are accompanied by the significant
reduction and increase of JJA evaporation and runoff
anomalies from all three models. The positive (negative)
JJA anomalies of net shortwave radiation and sensible heat
flux are associated with the 1988 La Niña (1993 El Niño),
while the net longwave radiation and the latent heat flux
exhibit opposite behavior.
[27] There are cases in which the JJA water budget

anomalies show negative correlation with extreme ENSO
phases. JJA anomalies of energy budget component anoma-
lies also show an inconsistent relationship with the ENSO
index for different ENSO events. The varying relationship
between the ENSO index and the JJAwater cycle anomalies
could be attributed to the uncertainty in model forcing and
physical parameterization, insufficient length of the GSWP-

2 data set (10-year) or the masked subbasin characteristics
averaged by the large scale watershed. To unravel the
relationship between ENSO and water components at sub-
basin scales, the spatial distribution of the correlation
between the GSWP-2 JJA precipitation anomaly and the
ENSO index is plotted in Figure 8. It can be easily seen that
the precipitation is highly and positively correlated with the
ENSO index in the upper Missouri River basin and the
upper Mississippi River basin with the averaged correlation
coefficient 0.61 and 0.47, respectively (Table 4). While the
correlation becomes trivial and even converts to negative in
the Arkansas-Red River basin and Ohio basin, the averaged
correlation in the lower Mississippi River basin declines to
0.07.
[28] Similar to precipitation, the simulated evaporation

and runoff from each model exhibit spatially varying
correlation with the ENSO index (Figure 9). Generally
speaking, all models show high correlation in the upper
Missouri River basin and upper Mississippi River basin, but
low correlation in Arkansas-Red Rivers and Ohio basin.
The results indicate that the cold/warm ENSO phase tele-
connection to water cycle anomalies over the Mississippi
River Basin have the strong geographical features, which
are consistent with the conclusion from Twine et al [2005].

Figure 7. Relationship of JJA anomalies of (a) GSWP-2, GPCP and Unified-P P (mm), (b) E (mm), and
(c) R(mm) for SSiB, Noah and CLM2-TOP with ENSO index during 1986 to 1995.
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In addition to spatial variation, the discrepancy in correla-
tion strength is observed as well, SSiB displays stronger
correlation than Noah and CLM2-TOP. Evaporation exhib-
its larger correlation with the ENSO index than runoff
except in the upper Mississippi River basin, Noah and
CLM2-TOP show lower correlation in evaporation. In the
lower Mississippi River basin, the high correlation (� 0.65)
between evaporation and the ENSO index is observed
although precipitation and runoff show surprisingly small
correlation (�0.01), indicating the water cycle components
exhibiting varied relationship with the remote teleconnec-
tion signal over the same region.

6. Summary

[29] We have presented a study of surface water and
energy budgets using GSWP-2 land surface model products,
including SSiB, Noah, and CLM2-TOP compared with
available observations in the Mississippi River basin during
1986–1995, and explored possible linkages between the

variation of water and energy cycle components and ENSO
events.
[30] There are similarities and noticeable differences in

seasonal and interannual variations in the water and energy
budgets components. GSWP-2 seasonal precipitation agrees
well with the GPCP and Unified-P observations, with the
maximum in May and the minimum in January. The
corresponding seasonal evaporation exhibits its maximum
in summer and minimum in winter; runoff appears to show
maximum in early spring and minimum in late summer. All
models exhibit deficit and excess of annual evaporation and
runoff in agreement with the dry and wet periods displayed
by both GSWP-2 and observed precipitation. CLM2-TOP
evaporation approaches the ECMWF reanalysis magnitude
and its runoff is closer to the observed. Noah produces the
smallest evaporation and the largest runoff. SSiB, Noah and
CLM2-TOP show similar seasonal net shortwave radiation
patterns, but exhibit large discrepancies in the net longwave
radiation and the turbulent heat fluxes. Despite the seasonal
differences, the interannual variations of energy budget com-

Figure 8. Correlation between GSWP-2 P and the ENSO index in JJA during 1986 to 1995.

Table 4. Correlation Coefficients Between JJA Precipitation, Evaporation and Runoff With ENSO for Five

Mississippi Subbasins

Subbasin P

SSiB Noah CLM2-TOP

E R E R E R

Upper Missouri 0.61 0.77 0.53 0.71 0.61 0.68 0.33
Upper Mississippi 0.47 0.57 0.46 0.31 0.53 0.31 0.41
Arkansas-Red rivers 0.20 0.42 0.23 0.08 0.26 0.40 0.32
Ohio 0.16 0.44 0.04 0.38 0.07 0.14 �0.001
Lower Mississippi and Tennessee rivers 0.07 0.65 0.08 0.21 0.09 0.50 0.01
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ponents from each model are comparable and well correlated
with the corresponding water budget components.
[31] A good understanding of the strong interactions

between the water and energy components ranging from
subbasin to full basin scale and monthly to interannual
timescales are essential for upgrading climate model physics

and for improving future climate prediction. The perform-
ances illustrated by models in their depiction of water and
energy cycle variability reflect the strength and limitation of
land surface physical process parameterization. CLM2-TOP,
with its more comprehensive physics treatment including a
highly resolved soil profile outperforms SSiB and Noah in

Figure 9. Correlations between evaporation for (a) SSiB, (b) Noah, and (c) CLM2-TOP and the ENSO
index, and runoff for (d) SSiB, (e) Noah, and (f) CLM2-TOP and the ENSO index for JJA during 1986 to
1995.
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reproducing the seasonal and interannual variations of water
and energy budgets. The underestimation of evaporation
and the overestimation of runoff by Noah could be related to
the deficiencies in its parameterization of turbulent flux and
infiltration process. Thus a water and energy budget anal-
ysis sheds light on how to enhance land surface models in
the future.
[32] Our analysis also reveals that the Mississippi 1988

drought and the 1993 flood are correlated with the 1988 La
Niña and 1993 El Niño, respectively, but not all hydrolog-
ical anomalies are well associated with ENSO episodes.
Because of the unique topographic and climatological
features of the Mississippi river subbasins, the water cycle
components exhibit distinct spatial varying correlation with
ENSO event. The highly nonlinear effect of ENSO on
hydrological variability over this lager-scale area makes it
hard to find a direct cause-and-effect formula between
ENSO phenomena and hydrological variability for the
entire Mississippi basin.
[33] This paper also poses several challenges for future

study.
[34] 1. The GSWP-2 product is obtained from offline

numerical experiments, so the impact of the atmosphere is
not directly considered. Therefore there is a need to further
evaluate the seasonal and interannual variation of water and
energy budgets in a coupled modeling system.
[35] 2. To improve the accuracy of land surface model

simulations, other than utilizing hybridization technique in
forcing, we could apply new developments in the field of
data assimilation to augment model initial condition and the
boundary forcing. For instance, assimilated soil moisture
products, accurately representing the spatial variability of
soil moisture unsolved by sparsely instrumented network,
are the good choices for model initialization.
[36] 3. This study is only based on the 10-year GSWP-2

data set, which may be short to establish a creditable linkage
between ENSO and extreme hydrological events. A longer
period is needed to verify the relationship between ENSO
and anomalous hydrologic behavior occurring in the Mis-
sissippi river basin, which would improve the potential for
forecasting the variation of the summer hydrological cycle
using the preseason ENSO index.
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discussions. The valuable comments and suggestions from three anony-
mous reviewers greatly improve the manuscript.
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