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ABSTRACT

Surface water and energy budgets from the National Centers for Environmental Prediction—National Center
for Atmospheric Research (NCEP-NCAR) and European Centre for Medium-Range Weather Forecasts (ECMWF)
reanalyses are compared here with each other and with available observations over the Mississippi River basin,
which is a focus of the Global Energy and Water Cycle Experiment Continental-Scale International Project.
There are a number of noticeable differences and similarities in the large-scale basin averages. The NCEP-
NCAR reanalysis seasonal precipitation and runoff are larger than the available observations; presumably,
evaporation and surface water variations also are too large. The ECMWF reanalysis precipitation is much closer
to the observations, whereas the corresponding surface runoff and seasonal surface water variations are too
small. The NCEP-NCAR and ECMWF reanalysis seasonal energy components are more similar to each other.
The NCEP-NCAR and ECMWEF interannual variations also are comparable, indicating that these reanalyses
probably can be used to begin to study interannual variations. Nonetheless, improved land surface parameter-
izations are needed to depict surface water and energy processes and, in particular, variations in seasonal surface
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NCEP-NCAR and ECMWF Reanalysis Surface Water and Energy Budgets for the

water and runoff better.

1. Introduction

The process of optimal combination of short-term
model predictions with observations, known as four-
dimensional data assimilation, is a critical element of
weather prediction and climate analysis systems. No
observational network can provide, by itself, the com-
prehensive gridded information needed to initialize nu-
merical models and to develop adequate water and en-
ergy budgets. Even those budget quantities that are ob-
served, such as precipitation, are not measured very
well, and comparisons between analyses and measure-
ments can yield new insights. Utilization of observed
precipitation as part of the analyses also is under de-
velopment.

Analyses are imperfect, however, since they must rely
on imperfect model sto augment the scarce observations.
One of the major problems for climate studies is that
these imperfect models constantly are being improved.
For example, previous global analyses now are being
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supplemented by regional analyses (see Berbery et al.
1996; Yarosh et a. 1996). Despite the documentation
of improvementsin the analysis scheme, discontinuities
in the operational record (associated with model chang-
es) impair its usefulness for the study of climate vari-
ations. For this reason, data from the recent past are
being reanalyzed using current, frozen models to de-
velop a climate record, even though the quality of the
data inputs varies with time. Two of the most well-
known global reanalyses come from the National Cen-
ters for Environmental Prediction and the National Cen-
ter for Atmospheric Research (NCEP-NCAR; see Kal-
nay et al. 1996) and the European Centre for Medium-
Range Weather Forecasts (ECMWF; see Gibson et al.
1997).

Examination of these global reanalyses can highlight
characteristic features of the water and energy budgets
and point out some of the serious issues that still affect
the ability to develop adequate regional budgets. A key
objective of the Global Energy and Water Experiment
(GEWEX) Continental-Scale International Project
(GCIP) was to assess the ability of forecast models to
estimate the energy and hydrological balances for the
Mississippi River basin, using observations of precip-
itation and runoff as evaluation data. Studies of the
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GCIP water and energy budgets have been carried out
previously by Betts et al. (1998c, 1999) using the
ECMWEF reanalysis (hereinafter referred to asERA) and
by Roads et al. (1999) using the NCEP-NCAR reanal-
ysis (hereinafter referred to as NRA). Here these dis-
parate efforts are combined and the large-scale average
reanalysis surface water and energy budgets are com-
pared explicitly with each other and with available ob-
servations for the Mississippi River basin, which is the
focus of GCIP. There areanumber of notabledifferences
and similarities in the surface water (section 2) and en-
ergy (section 3) budgets, which are discussed below.

2. Surface water
a. Model formulation
The surface water budget can be written as
0= —-AWAt+P —E - N+ U. (1)

The temporal change in surface water AW/At (including
both soil moisture and snow) is equal to precipitation
P minus evaporation (and dew) E and runoff N (which
includes the surface and subsurface flow). The last term
U isaresidual and isdiscussed below. The surface water
includes all subsurface water in the various soil moisture
layers and the water in lakes and rivers, which usually
is assumed to be a small component of the total surface
water component. Model soil moisture actually is ar-
chived in nondimensional volumetric format (with the
maximum volumetric soil moisture being 0.47), which
can be converted easily to total water per unit area by
multiplying each volumetric component by the depth of
each layer and by the density of water. Lower-level soil
moisture turns out to be the dominant component in
NRA [which has two soil layers with thicknesses of 10
and 190 cm, respectively (Mahrt and Pan 1984)] for
seasonal and interannual variations. ERA has four soil
layerswith thicknesses of 7, 21, 72, and 189 cm (Viterbo
and Beljaars 1995). Since the soil moisture in different
model layersin both reanalyses is highly correlated on
monthly timescales, and since soil moisture provides
the bulk of the surface water in the Mississippi River
basin, the moisture in the soil is integrated, the water
in the snowpack (which is small) is added and only the
total surface water is shown.

Note that there is an artificial surface water forcing
term U in the surface water budget that includes both
what usually is referred to as a soil water nudging term
U, and aresidual Ugin the frozen hydrological budget.
As previously discussed by Kanamitsu and Saha (1996),
Schubert et al. (1993), and Roads et al. (1998, 1999),
there is a tendency for every analysis model to move
toward its own climate, which may be unrealistic. The
insertion of observations such as atmospheric and sur-
face parameters, or the artificial forcing of parameters
toward a specified climate can prevent this drift to an
unredlistic climate, but often at the expense of having
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an unrealistic budget. As discussed by Roads et al.
(1998), not only should good analyses have small dif-
ferences with respect to the available observations, they
also should have readlistic budgets.

The forcing term U,, was needed in both the NRA
and ERA because there was a tendency for the land
surface models’ soil moisture to dry out. Since drier
soil moisture would have an impact on the precipitation
and surface temperature [as noted previously by Betts
et al. (1996a) and Beljaars et al. (1996)], an adjustment
toward an assumed soil water climate (W,) was made
for the NRA reanalysis (as well asfor the current NCEP
operational analysis). As discussed by Roads et al.
(1999), the NRA surface water relaxation time constant
is 60 days [U,, = (W, — W)/60] and the assumed soil
water climateisthe Mintz and Serafini (1992) soil mois-
ture transformed to the volumetric formulation used in
the reanalysis model (M. Kanamitsu and H. L. Pan,
1997, personal communication).

Since the reanalyses had a separate snow analysis, it
might seem that it would be useful to understand the
contribution of Ug to the total U. Since snow only made
a minor contribution to the surface water budget in the
Mississippi River basin, however, and therefore also to
the artificial forcing term, its contribution can beignored
in thislocation. It may be more important in other places
or in future reanalyses that have less of a contribution
from the mgjor U,, term.

As discussed by Betts et al. (1998a,c), a somewhat
tighter control was developed for the ERA by adding
soil water to the model based on the atmospheric mois-
ture analysis increment and the vegetative fraction ac-
cording to the formula

U, = KAg, (2

where Aq is the atmospheric near-surface moisture anal -
ysisincrement, and K is related to the inverse time con-
stant multiplied by the vegetative fraction. The correc-
tion is taken to be zero over desert regions. If Aqis 3
g kgt for a completely vegetated surface, then this
nudging process adds 0.15 m of water to the first three
soil layers (the root zone) in 12 days (Betts et al. 1998a).
The ERA surface water budget also is affected by the
insertion of a separate snow analysis, which largely is
independent of the frozen hydrological tendencies of the
ERA model. This analysis introduces a second frozen
residual contribution to U for ERA, which is small for
the Mississippi basin.

Comparisons of the monthly mean surface hydrologic
components for nine years (1985-93) are shown below.
Although additional reanalysis years eventually will be
available, only these years were readily available from
ERA for this comparison; given all the potential NRA
and ERA differences, it isimportant at least to compare
consistent time periods. Monthly anomalies from this
nine-year mean annual cycle, calculated by subtracting
the monthly mean climatological values from the value
for each individual month, also were compared. Table
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TABLE 1. NCEP-NCAR (NRA) and ECMWF (ERA) reanayses and
observed (OBS) GCIP annual means (1985-93) for the Mississippi
basin, and correlations between NCEP-NCAR and ECMWF reanalyses
((NE)), between NCEP-NCAR reanalyses and observations ((NO)),
and between ECMWF reanalyses and observations ((EO)). Correlations
are calculated from time series that have the climatological mean re-
moved. Shortwave radiation is SW, longwave radiation is LW, sensible
heating is SH, latent heating is LH, and Residua is the ground or
residual heating. Surface ground temperature is T, Precipitation is P,
runoff is N, evaporation is E, the artificial surface water forcing term
is U, atmospheric moisture convergenceis Moist. conv., and the surface
water tendency is AW/At. Total surface water W is composed of soil
moisture and snow equivalent water.

NRA ERA OBS (NE) (NO) (EO)
SW (W m-?) 158.15 154.47 0.82
LW (W m~2) —71.99 —71.65 0.91
—SH (W m™) —10.14 —23.93 0.66
—LH (W m~?) —72.38 —58.75 0.68
Ts (K) 282.65 283.20 0.91
Residua (W m-2) -364 -0.14 0.71
P (mm day—?) 247 1.86 1.99 081 0.74 094
N (mm day-1%) 0.52 0.23 055 049 048 0.79
E (mm day™?) 2.50 191 144 0.68
U (mm day?) 0.53 0.27 0.44
W (mm) 558.82 754.07 0.58
—AW/At (mm day?) 001 001 0.48
Moist. conv. (mmday—*)  0.47
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1 provides the annual means for the same variables and
also provides the correlation between the monthly time
series for the two reanalyses, and those between the
precipitation and stream flow observations and each re-
analysis. Table 1 also showsthat the evaporationin ERA
(NRA) is 33% (74%) higher than the estimate of 1.44
mm day—* found by taking the difference of the observed
annual precipitation and stream flow. If the precipitation
observations are negatively biased by 10% (Higgins et
al. 1996), then these estimates of model evaporation bias
are reduced to 17% and 53% for ERA and NRA, re-
spectively.

b. Comparison of reanalyses

Figure 1 shows the mean monthly cycle of the terms
in Eq. (1) in the surface water budget of the reanalyses.
For precipitation and runoff, the observations are in-
cluded as heavy lines: observed precipitation comes
from the gridded analysis of Higgins et a. (1996) and
observed runoff isthe observed stream flow at the gauge
at Vicksburg, Mississippi. The observed stream flow is,
of course, affected by water management, but presum-
ably this influence is minor by comparison. That ob-
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Fic. 1. Seasonal surface water NCEP-NCAR (light solid) and ECMWF (dashed) reanalysis budgets for the
Mississippi basin: (a) precipitation (P); (b) runoff (N); (c) evaporation (E); (d) artificial surface water forcing
(U); (e) total soil water plus snow (W); and (f) surface water tendency AW/At. In (a) and (b) precipitation and
stream flow observations are shown as heavy solid lines.
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Fic. 2. Asiin Fig. 1 for monthly anomalies of surface water budget terms (three-month running means for
presentation only) for NCEP-NCAR, ECMWEF, and observations [(a) and (b) only].

served precipitation also is affected by undercatch is
well known. It isour opinion that both of these observed
errors are small in comparison to reanalysis errors.
The mean seasonal cycle of precipitation isaccurately
described by ERA, while mean precipitation has a high
bias in NRA. This excessive precipitation in NRA isa
well-known bias (e.g., Betts et al. 1996b, 1998b) that
may have multiple causes related to excessive surface
evaporation from an overly wet surface and the partic-
ular convective and planetary boundary parameteriza-
tions used. These parameterizations have been updated
since (e.g., Hong and Pan 1996). There also are large
differences in the surface runoff. Note that the NRA
runoff is too high during the winter and too low during
the summer when compared with the observed stream
flow. By contrast, ERA runoff (which is all *“drainage”
runoff from the deepest model layer) has no annua
cycle, unlike observed stream flow, so that model runoff
istoo low during the winter and remains low during the
summer, despite the realistic precipitation. Consistent
with the larger precipitation, total evaporation is larger
in the NRA, even though the total surface water is con-
siderably lower. There are indeed large differences in
the surface water amounts and variations between the
models. The ERA surface water is much larger than that

of the NRA but has a very small seasonal cycle. This
large difference is caused in part by the larger soil depth
in the ERA, which may be irrelevant to seasonal vari-
ations. On the other hand, the NRA surface water has
an exaggerated seasonal cycle, because of the nudging
(the “artificial source’” term U) toward an imposed cli-
matic seasonal cycle of soil water, which adds surface
water in winter and removes it in summer. By contrast,
the ERA soil water nudging term has the opposite sea-
sonal cycle; soil water is added in summer to maintain
evaporation and is removed in winter, when the model
runoff has alow bias. This cycle acts to damp the ERA
seasonal change in water storage (Betts et al. 1998b,
1999). Thetime constant in the ERA surface water forc-
ing is much faster than the 60-day time constant used
inthe NRA, although the nudging methods are not strict-
ly comparable.

Figure 2 shows the variations of the monthly anom-
aliesin the surface hydrologic cycle: these show greater
similarity in amplitude and variation than do the cor-
responding means, which provides some renewed faith
in the value of the reanalyses. In particular, precipitation
has similar interannual variations in both reanalyses.
Note, however, that the NRA has some more extreme
years than does ERA, and thus NRA has alower overall
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Fic. 3. Seasonal surface energy NCEP-NCAR (light solid) and ECMWF (dashed) reanalysis budgets for the
Mississippi basin: (a) Net surface solar radiation (SW); (b) net surface longwave radiation (LW); (c) sensible
heat (SH); (d) latent heat (LH); (e) surface temperature (Tg); and (f) residual.

correlation with respect to the observations (Table 1).
The major NRA discrepancies occur during the summer
months, especially during the summers of 1990 and
1991. Evaporation anomalies are somewhat consistent
during the early part of the record, the one exception
being 1988 when the ERA evaporation was reduced
noticeably. The differences that result later probably are
related to the surface water variations. Like surface wa-
ter, runoff has a clear interannual signal, which appears
in both reanalyses, but with reduced amplitude. Again,
the ERA reanalysis variations have a higher correlation
with observations (Table 1), despite having too little
runoff in the mean. In addition, interannual variations
in the surface water and the surface water tendencies
are comparable in both reanalyses, despite their large
seasonal differences. Unfortunately, theartificial forcing
and tendency terms are large, especialy in the NRA,
which limits the ability to discern cause and effect for
particular seasonal anomalies.

3. Surface energy

The corresponding surface energy balance can be
written

0=SW + LW — SH — LH + (G + Q..). (3

The surface energy balance is maintained by the net
shortwave solar heating SW, the net longwave cooling
LW, the sensible heating SH, the latent heating LH, the
flux into the ground G, and a small contribution due to
snowmelt. Here the ground heating and snowmelt are
combined to provide only a net residual heating (G +
Q.e)- The reanalyses in fact calculate a surface skin
temperature diagnostically from the surface energy bal-
ance. On monthly timescales, variations in the surface
2-m air temperature closely mirror variations in the sur-
face skin temperature and the near-surface soil temper-
ature.

As shown in Fig. 3, there is aimost a complete sea-
sonal energy balance. Solar radiation provides a large
positive input; thisinput is slightly larger in NRA than
in ERA. This solar flux is balanced in part by net long-
wave radiation, sensible heating, and latent heating (in-
cluding the evaporation of snow), all of which act to
cool the surface, especialy during the summer. Sensible
heating al so helpsto warm the surface during the winter,
especialy in the NRA, although the stable boundary
layer transfer coefficients may be too high in that model
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Fic. 4. Asin Fig. 3 for monthly anomalies of surface energy budget terms (three-month running means for
presentation only).

(Betts et al. 1996b). Note that there is stronger sensible
heating of the atmosphere in the ERA and less latent
heating, which is consistent with the relatively smaller
evaporation in the ERA. Note also that the seasonal
temperature variation is similar in both reanalyses, al-
though the NRA temperature is a little lower during the
summer and fall and a little higher during the winter.
The ERA has a clear seasonal cycle of the residual,
which is dominated by the ground flux in this model
(downward in summer and upward in winter, with a
near-zero annual residual, asit has a zero-heat-flux low-
er boundary condition). The residual in NRA has aless
marked annual cycle, with a small net annual residual
heating of 3.6 W, presumably because it has a clima-
tological lower thermal boundary condition.

Figure 4 showsthe variations of the monthly anomalies
in the energy terms, which again have a remarkable con-
sistency between the reanalyses. Note, in particular, the
interannual signal in the radiation components, which are
anomalously high from the summer of 1988 to the winter
of 1991 and then low thereafter. This variation is con-
sistent with the surface temperature variations, perhaps
more so than with the latent or sensible heat variations,
although that conclusion requires further study. Over the
United States, Roads et al. (1997) showed in a previous

version of the NCEP operational model, which used a
bucket surface hydrological model, that the evaporation
had both the largest anomalies and a clear relationship
to temperature anomalies. Note further that shortwave
and longwave components have almost opposite varia-
tions with each other, which probably means that they
mirror variations in cloudiness, since less cloud cover
gives more incoming shortwave and more outgoing long-
wave radiation. In fact, the radiation variations are some-
what similar to the surface water variations, afact which
also suggests that increased surface water produces in-
creased cloudiness. This conclusion also needs further
study. Note that sensible and latent heating also have
opposite variations with each other. Again, the residual
heating (which includes ground heat flux and snowmelt),
which was small in the seasonal cycle, isnow comparable
with other components, particularly for NRA, and must
be counted when accurately accounting for monthly
anomalies. Table 1 shows that the radiation fluxes of the
two reanalyses are more highly correlated than are the
SH and LH fluxes.

4. Summary

In this paper, two major reanalyses, NRA and ERA,
were compared with each other and with available ob-
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servationsfor the Mississippi basin for the period 1985~
93. There were a number of noticeable differences and
similarities. NRA precipitation, runoff, and, probably,
evaporation were too large when compared with obser-
vations, whereas the ERA runoff was too small. These
differences are caused by the limitations of the physical
parameterizations in the models, which in some cases
already have been revised for subseguent reanalyses (M.
Kanamitsu 1998, personal communication). There are
large differencesin surface water in the reanalyses, since
surface water is greatly affected by the residual forcings
that were imposed to prevent long-term drifts of the
subsurface hydrological behavior. For example, ERA's
time constant for soil water nudging probably was too
short, which results in too small a seasonal cycle of soil
water. On the other hand, the nudging toward a surface
water climate in the NRA imposed much too large a
seasonal cycle of deep soil water, which may have had
an impact on evapotranspiration and precipitation. There
is a good balance between the NRA runoff and atmo-
spheric moisture convergence (Table 1). It thus can be
deduced that the residual tendency in the atmospheric
moisture balance is, on the average, just as large as the
artificial forcing by nudging in the surface water bal-
ance. If aprobable 10% negative biasin the precipitation
observationsis allowed for, then the model estimates of
annual evaporation are positively biased by 17% and
53% for ERA and NRA, respectively.

Despite these seasonal differences, interannual and
decadal anomalies were comparable with and highly
correlated with each other (Table 1). Unfortunately, the
anomalies in the residual (artificial) hydrologic forcing
are comparable in magnitude with the annual variability,
which still makes it difficult to understand the different
hydrologic and energy contributions to temperature and
precipitation variations. Thus, current coupled |and—at-
mosphere models need further development. A renewed
national focus to improve the modeling of the land—
atmosphere interaction would continue to be useful.
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