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ABSTRACT

This study assesses the quality of estimates of climate variability in moisture flux and convergence from three
assimilated datasets: two are reanalysis products generated at the Goddard Data Assimilation Office and the
National Centersfor Environmental Prediction—National Center for Atmospheric Research, and the third consists
of the operational analyses generated at the European Centre for Medium-Range Weather Forecasts (ECMWF).
The regions under study (the United States Great Plains, the Indian monsoon region, and Argentina east of the
Andes) are characterized by frequent low-level jets and other interannual low-level wind variations tied to the
large-scale flow. While the emphasis is on the reanalysis products, the comparison with the operational product
is provided to help assess the improvements gained from a fixed analysis system.

All three analyses capture the main moisture flux anomalies associated with selected extreme climate (drought
and flood) events during the period 1985-93. The correspondence is strongest over the Great Plains and weakest
over the Indian monsoon region reflecting differences in the observational coverage. For the reanalysis products,
the uncertainties in the lower tropospheric winds is by far the dominant source of the discrepancies in the
moisture flux anomalies in the middle latitude regions. Only in the Indian Monsoon region, where interannual
variability in the low-level winds is comparatively small, does the moisture bias play a substantia role. In
contrast, the comparisons with the operational product show differences in moisture that are comparable to the
differences in the wind in all three regions.

Compared with the fluxes, the anomal ous moisture convergences show substantially larger differences among
the three products. The best agreement occurs over the Great Plains region where all three products show
vertically integrated moisture convergence during the floods and divergence during the drought with differences
in magnitude of about 25%. The reanalysis products, in particular, show good agreement in depicting the different
roles of the mean flow and transients during the flood and drought periods. Differences between the three
products in the other two regions exceed 100% reflecting differences in the low-level jets and the large-scale
circulation patterns. The operational product tends to have locally larger amplitude convergence fields, which
average out in area-mean budgets: this appears to be at least in part due to errors in the surface pressure fields
and aliasing from the higher resolution of the original ECMWF fields.

On average, the reanalysis products show higher coherence with each other than with the operational product
in the estimates of interannual variability. Thisresult isless clear in the Indian monsoon region where differences
in the input observations appear to be an important factor. The agreement in the anomal ous convergence patterns
is, however, till rather poor even over relatively data-dense regions such as the United States Great Plains.
These differences are attributed to deficiencies in the assimilating general circulation model’s representations of
the planetary boundary layer and orography, and a global observing system incapable of resolving the highly
confined low-level winds associated with the climate anomalies.
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1. Introduction

Understanding the mechanisms of climate change re-
quires accurate estimates of the hydrological cycle and
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its linkages on both regional and global scales. Early
estimates of atmospheric moisture fluxes (e.g., Benton
and Estoque 1954; Rasmusson 1967 and 1968; Rosen
et al. 1979; Peixoto and Oort 1983) helped to highlight
both the importance of the low-level (planetary bound-
ary layer) winds for determining the moisture transport,
and the inadequacy of the rawindsonde network for ob-
taining accurate estimates of water vapor flux conver-
gence. The latter is a key quantity that, if sufficiently
accurate, offers the opportunity to estimate a number of
other difficult to observe hydrological parameters. For
example, Rasmusson (1968) showed how evaporation
can be estimated over North America as a residual of
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the atmospheric water budget provided estimates of pre-
cipitation are available. Furthermore, surface—subsurface
water storage changes can be estimated if streamflow is
known. While promising, that study pointed to defi-
ciencies in the atmospheric station data that limits the
application to regions with a high density station net-
work and requires considerable spatial averaging of the
budget equations.

The limitations of the station network involve not
only insufficient spatial sampling but also insufficient
resolution in time. For example, Rasmusson (1967)
studied the atmospheric water vapor transport over
North America and found a substantial diurnal cycle,
which helinked to the southerly low-level jet (LLJ) over
the Great Plains. The jet maximum typically occursin
the early morning hours, which fall between the 0000
UTC and 1200 UTC station observations. The time-
sampling problem combined with the small vertical ex-
tent of the Great Plains LLJ (e.g., Bonner 1968; Bonner
and Paegle 1970) makes it a difficult phenomenon to
study from the station observations alone. The Great
Plains region isin fact only one of a number of regions
throughout the world that are characterized by strong
highly confined low-level wind maxima (see, e.g., Pae-
gle 1984; Stensrud 1996).

In recent years new estimates of the moisture fluxes
have been obtained from model simulations or from a
combination of model and observational estimates
through the process of data assimilation. For example,
Helfand and Schubert (1995) studied the Great Plains
LLJ and its contribution to the moisture budget of the
United States employing general circulation model
(GCM) simulations. They concluded that the LLJ plays
a key role in the moisture budget by transporting about
one-third of all the moisture that enters the continental
United States. Roads et al. (1994) conducted a com-
prehensive study of the United States hydrological cycle
employing observations and the National Centers for
Environmental Prediction (NCER, formerly known as
the National Meteorological Center) operational anal-
yses. While the results were generally encouraging, sig-
nificant discrepancies existed between surface water es-
timates from residual atmospheric moisture flux cal-
culations and measurements of pan evaporation. Mat-
suyama et al. (1994) studied the moisture budget in the
vicinity of the Congo River Basin in Africa by using
the operational analysis of the European Centre for Me-
dium-Range Weather Forecasts (ECMWF). Matsuyama
(1992) compared the atmospheric flux convergence of
water vapor to river discharge in the Amazon Basin. He
concluded that atmospheric inflow needs to be adjusted
by a constant scale factor to match river outflow. Hig-
gins et al. (1996) studied the moisture budget for May
over the central United States using a 5-yr subset of the
the National Centers for Environmental Prediction—Na-
tional Center for Atmospheric Research (NCEP-NCAR)
and the National Aeronauticsand Space Administration/
Goddard Data Assimilation Office (NASA/DAO) rean-
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FiG. 1. Computational domains (boxes). Region |: the United States
Great Plains, region Il: Argentina east of the Andes, and region I11:
the Indian monsoon region. Contours show the orography used in the
DAO assimilation system. Contour interval is 500 m.

alysis datasets. They found that both reanalyses over-
estimate the climatological mean precipitation rates by
nearly afactor of 2 over the southeastern United States,
and that there are substantial differences in the mean
moisture divergence fields. In another study employing
the same NCEP-NCAR and NASA/DAO datasets, Mo
and Higgins (1996) found that the large-scale moisture
transport is in general agreement in the two reanalyses
despite regional differences, and that the discrepancies
of moisture transport in the Tropics are largely due to
the divergent wind. Wang and Paegle (1996) compared
the moisture flux and moisture convergence over North
and South America continents using NCEP, U.K. Me-
teorological Office (UMKO), and ECMWF operational
analyses. They concluded that the differences in the
regional moisture flux among these datasets were prin-
cipaly due to the uncertainty of the wind fields and, in
particular, the low-level jets.

While four-dimensional data assimilation makes it
possible, in principle, to completely evaluate the hy-
drological cycle of the earth—-atmosphere system, the
above studies have shown that substantial bias existsin
the assimilated data. Nevertheless, the assimilated data
may provide reasonable estimates of the deviations (or
anomalies) from the climate means (see, e.g., Schubert
et a. 1995). The purpose of this study is to examine
the quality of the interannual variability of the moisture
fluxes obtained from global assimilated data products.
By focusing on interannual variability, we hope to ex-
ploit what is perhaps the key strength of the recently
completed reanalysis products: the absence of artificial
climate signals resulting from system changes often
found in operational analyses. We examine in some de-
tail the quality of the summer climate signals in the
moisture transport and convergence for several key
regions (region |: the United States Great Plains; region
II: Argentina east of the Andes; and region Il1: the In-
dian monsoon region, see Fig. 1). These regions are
characterized by strong LLJs and other low-level wind
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fluctuations tied to changes in the large-scale circula-
tion.

The datasets consist of the reanalyses produced by
the NASA/DAO (Schubert et al. 1993), the NCEP-
NCAR (Kalnay et al. 1996), and the operational analyses
produced at ECMWEFE While the focus is on the rean-
alysis products, the comparison with the operational
product provides some measure of the improvements
gained from employing an unvarying analysis system.
As described in section 2, these systems differ in the
genera circulation model employed, the assimilation
techniques, and the input datasets. The emphasisis on
periods of drought and flooding. These consist of June
1988 and July 1993 for the U.S. Great Plains, December
1985 and February 1992 for the South American region,
and May 1987 and May 1988 for the Indian monsoon
region. During July 1993, the United States midwest
was under severe flooding conditions while much of the
central and eastern United Sates suffered severe heat
waves and drought conditions in June 1988. During De-
cember of 1985, southeastern Brazil experienced
drought conditions, while during February 1992 south-
ern Brazil, northern Argentina, and northern Uruguay
experienced heavy rains. The Indian monsoon region
experienced a drought during the summer of 1987 and
a good monsoon during 1988. The month of May was
chosen to highlight the interannual differences in the
monsoon onset.

Section 2 summarizes the main components of the
assimilation systems at the three data centers and the
major differences among these systems. Section 3 com-
pares the vertically integrated moisture fluxes and mois-
ture convergence over the three key regions. The sources
of the uncertainty in the moisture flux and flux con-
vergence is examined in section 4. The summary and
conclusions are given in section 5.

2. The data and data processing

The DAO datasets are a subset of a multiyear rean-
alysis with a nonvarying assimilation system (Schubert
et al. 1993), which consists of version 1 of the Goddard
Earth Observing System (GEOS-1) general circulation
model (GCM; Takacs et al. 1994) and a three-dimen-
sional multivariate optimal interpolation (Ol) scheme
(Pfaendtner et al. 1995). The analysis is carried out on
14 standard pressure levels extending from 1000 to 20
mb. The GEOS-1 GCM is a gridpoint model employing
the Aries-GEOS dynamical core described in Suarez
and Takacs (1995). For the reanalysis, the GCM was
run at a horizontal resolution of 2° lat X 2.5° long and
with 20 sigma levelsin the vertical (top at 10 mb). The
assimilation system does not include an initialization
scheme and relies on the damping properties of a Mat-
suno time-differencing scheme to control initial imbal-
ances generated by the insertion of observations. How-
ever, theinitial imbalances and spinup have been greatly
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reduced by introducing an incremental analysis update
(IAU) procedure (Bloom et al. 1996).

The NCEP-NCAR reanalysis products were also pro-
duced with a fixed assimilation system (Kalnay et al.
1996) consisting of the NCEP Medium Range Forecast
spectral model and the operational NCEP spectral sta-
tistical interpolation scheme (SSI; Parrish and Derber
1992) with recent improvements. The assimilation was
performed at a horizontal resolution of T62 and with
28 sigma levels in the vertical. The implementation of
SSI in the analysis makes it unnecessary to employ an
initialization step. The NCEP analysis is performed on
the model sigma levels employing mandatory pressure-
level data and significant-level winds.

The operationa ECMWF data assimilation system
has undergone a number of changes, which have had a
major impact on the character of the data. The impact
of changes in the system was especially pronounced
during the early and mid 1980s, and particularly so for
the divergent wind field and humidity in the Tropics
(e.g., Trenberth and Olson 1988; Arpe 1990). The mgjor
components of the ECMWF data assimilation system
employed for the years of interest here areamultivariate
optimal interpolation (Ol) scheme, a diabatic nonlinear
normal mode initialization scheme (Hollingsworth et al.
1986), and a T106 spectral model with 16 levels, which
was changed to 19 levels in May 1986. Changes to the
Ol scheme during these years are discussed in Trenberth
and Olson (1988). The more recent years (since Sep-
tember 1991) employed the ECMWF Integrated Fore-
cast System, which includes a T213 31-level model, an
Ol scheme, norma mode initiaization, and a 1D var-
iational analysisfor satellite data(startingin June 1992).
The analysis is performed at model levels and signifi-
cant-level data are used in the analysis.

Although partially constrained by the observational
data, the quality of the final assimilation products is
strongly influenced by the model physical parameter-
izations. Those aspects of the model most relevant to
the current study include the convection scheme, the
planetary boundary layer (PBL) scheme, the land sur-
face scheme, as well as the resolution in the planetary
boundary layer (horizontal as well as vertical). In the
DAO model, the subgrid penetrative and shallow cu-
mulus convection originating in the boundary layer is
parameterized by using the relaxed Arakawa—Schubert
(RAS) scheme (Moorthi and Suarez 1992). A simpli-
fied Arakawa-Schubert convective parameterization
scheme is also utilized in the NCEP model (Pan and
Wu 1994). The early versions of the ECMWF model
employed a Kuo scheme: this was changed to a mass-
flux convection scheme in May 1989 (Tiedtke 1989).
The DAO model has the lowest horizontal resolution,
whereas the ECMWF model has the highest (see
above). In the vertical, the DAO model has four levels
below approximately 850 mb and the NCEP model has
seven. The ECMWF model hasfour (five) levels below
approximately 850 mb before (after) 1992.
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Inthe DAO model, the turbulent fluxes of momentum,
heat, and moisture in the region of the PBL above the
surface layer are predicted by the level 2.5 second-order
turbulence closure scheme of Helfand and Labraga
(1988). This scheme predicts turbulent kinetic energy
as a prognostic variable and the remaining second mo-
ments as diagnostic variables. The lowest layer of the
model corresponds to an atmospheric surface layer for
which wind, temperature, and humidity profiles are ob-
tained from Monin—Obukhov similarity theory (see also
Helfand and Schubert 1995). For the NCEP model, the
surface fluxes are proportional to the difference between
values at the surface and in the adjacent atmosphere.
The proportionality constants are dependent on wind
speed and static stability of the surface layer. Above the
surface layer, the turbulent fluxes are expressed as bulk
formulas, following Monin-Obukhov similarity theory
(Kanamitsu 1989). The PBL height is diagnostically de-
termined from the vertical profile of Richardson number
(Troen and Mahrt 1986). In the ECMWF model, the
turbulent fluxes of heat, momentum, and moisture are
expressed as a function of Richardson number in all
layers above the surface layer (Louis 1979); a Monin—
Obukhov formulation is used above the PBL height. The
surface fluxes are predicted based on a Richardson num-
ber formulation (Louis 1979); under neutral conditions
the transfer coefficients are determined by alogarithmic
profile. The PBL height is diagnostically determined as
the height predicted by Ekman theory and the dry con-
vective height associated with Richardson numbers
(Louis et al. 1982). In both the NCEP and ECMWF
schemes, the turbulent kinetic energy is diagnostically
determined. Both the DAO and NCEP models employ
amean orography, whilethe ECMWF model employed
an enhanced envelope orography starting in April
1983.

The soil moisture in the GEOS-1 assimilation system
is computed off-line based on a simple bucket model
using observed monthly mean surface air temperature
and precipitation (Schemm et al. 1992), whereas a sim-
ple soil model is included in the NCEP assimilation
system (Pan and Mahrt 1987). In the ECMWF model,
the soil moisture was predicted in a two-layer model
(0.07 m and 0.42 m) prior to 1992 and a four-layer
model (0.07 m, 0.21 m, 0.72 m, and 1.89 m) after that
(Entekhabi and Eagleson 1989).

In addition to the differences in the assimilation sys-
tem, there are also differences in the input data, which
potentially affects the components of the moisture bud-
get. Significant-level wind data are included in the
NCEP and ECMWF analysis systems but not in the
DAO system. In the ECMWF analysis, satellite thick-
ness reports (SATEM) are used over the ocean and used
only above 100 mb over land. The use of the bogus
surface data (POABs) from the Australian Bureau of
Meteorology are also assimilated in the NCEP and
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ECMWEF systems.* Satellite precipitable water content
from TOVS, which are not assimilated in the DAO and
NCEP reanalyses, were included in the ECMWF assim-
ilation system in February 1987 and are not used over
land after January 1989. In May 1991, the ECMWF
analysis system introduced a preselection scheme for
NESDIS soundings; a 1D variational technique was in-
troduced to enable cloud-cleared radiance data to be
used in the Northern Hemisphere in June 1992.

In addition to the differences in the observations di-
rectly assimilated, there are also differences in the
boundary conditions employed by thethree analysissys-
tems. In the DAO system, the sea surface temperature
(SST) is updated using the monthly mean blended SST
analyses (Reynolds and Marsico 1993), whereas the
NCEP system incorporates the weekly global optimal
interpolation SST analyses (Reynolds and Smith 1994).
The ECMWEF system uses the monthly mean SST data
from NCEP with a resolution of 5° X 5°, which was
changed to 2° X 2° mesh data in November 1989. The
major differences between the blended and the optimal
interpolation SST analyses are in regions of large SST
gradients such as the eastern Pacific (Reynolds and
Smith 1994).

The 3D pressure-level data used in this study consist
of the four times daily (0000, 0600, 1200, and 1800
UTC) datafrom the DAO reanalysis, thefour timesdaily
data from the NCEP-NCAR reanalysis, and the twice
daily (0000 and 1200 UTC) uninitialized ECMWF-
TOGA WCRP archives. The DAO output has a hori-
zontal resolution of 2° lat X 2.5° long at 18 pressure
levels (1000, 950, 900, 850, 800, 700, 600, 500, 400,
300, 250, 200, 150, 100, 70, 50, 30, and 20 mb). For
the NCEP-NCAR reanalysis, the output was provided
at a horizontal resolution of 2.5° lat by 2.5° long at 17
pressure levels (1000, 925, 850, 700, 600, 500, 400,
300, 250, 200, 150, 100, 70, 50, 30, 20 and 10 mb).
The ECMWF operational analyses were obtained at a
horizontal resolution of 2.5° lat X 2.5° long at 14 or 15
pressure levels (1000, 925, 850, 700, 500, 400, 300,
250, 200, 150, 100, 70, 50, 30, and 20 mb). The 925-mb
level became available beginning in January 1992. Both
of the NCEP and ECMWF datasets are further inter-
polated linearly to the DAO 2° lat X 2.5° long grid. The
vertically integrated moisture flux, Q, is obtained by
integrating over the depth of the atmosphere. In o co-
ordinates, we have

Q va d 1)
= — .
g 0 q

Using dp = & do, we obtain

* The bogus data were inadvertently incorporated with a 180° phase
shift in the NCEP product.
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1 Ps
Q= QJ Vq dp, 2

where V is the horizontal wind vector, q the specific
humidity, = = p; — p,, g the gravitational acceleration,
p, the pressure at the top of the atmosphere, and p, the
surface pressure. The vertically integrated moistureflux-
es from the DAO and NCEP assimilation systems are
precomputed in the model o coordinates. For the DAO
product the vertical integrals are accumulated ‘‘on the
fly"” at every model time step to eliminate any potential
time-sampling problems. For the ECMWF operational
analysis, the vertical integration is performed on the
available pressure levels. The calculation uses the sur-
face pressure supplied by ECMWF and thus suffersfrom
the problems associated with using an enhanced enve-
lope orography (Trenberth 1995; Trenberth and Guil-
lemot 1995). The impact of the limited vertical reso-
[ution of the ECMWF operational analysisis discussed
in section 4. The vertically integrated moisture flux con-
vergence is computed employing a fourth-order nu-
merical scheme similar to that used inthe GEOS-1 GCM
(Suarez and Takacs 1995).

To validate the quality of the precipitation anomalies
of the two reanalyses,? the NOAA hourly precipitaion
data (Higgins et al. 1996) is used for the North America
sector, and the observed monthly mean precipitation da-
taset archived at the Center of Ocean-L and—Atmosphere
Studies (COLA) is used for comparison over the Indian
monsoon region and the South American sector (cour-
tesy of COLA). The COLA precipitation datawere com-
puted by combining the monthly mean gridded station
data from the Global Precipitation Climatology Center
over land (Janowiak and Arkin 1991) and the precipi-
tation derived from the Microwave Sounding Unit sat-
ellite data over ocean (Spencer 1993).

3. Intercomparisons

In this section we compare the vertically integrated
regional moisture flux and flux convergence anomalies
from the three analyses in the three key regions (see
Fig. 1). Regions| and Il are the same as those examined
by Wang and Paegle (1996), although the current study
examines different time periods and has a different em-
phasis; the focus here is on the ability of the assimi-
lations to capture climate anomalies. Our basic measure
of the climate ““signal” for the ith year monthly mean
guantity (x) for each dataset is defined as

X — [Xi] Xi*

[k - XDA” o

where bar denotes a monthly mean, the subscript (i)

©)

2 The precipitation data were not available from ECMWF opera-
tional analysis.
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denotes a particular year of a month (say July), and the
square brackets denote an average over the nine years
(1985-93) for that month. The asterisk (*) denotes the
deviation from the 9-yr mean, and the o, is the standard
deviation in the monthly means. In the following sec-
tions we shall show both normalized and unnormalized
anomalies.

We begin by examining selected spring and summer
months characterized by extreme (drought or flooding)
conditions for each region. This is followed by a sum-
mary of the overall correspondence in the interannual
variability between the three analyses for all months.

a. Climate extremes
1) THE UNITED STATES GREAT PLAINS (REGION 1)

The average moisture flow over the Great Plains dur-
ing the warm season is dominated by an intense low-
level southerly flux from the Gulf of Mexico (e.g., Ben-
ton and Estoque 1954; Rasmusson 1967; Peixoto and
Oort 1983). Interannual variations in this strong south-
erly wind have been linked to extreme climateanomalies
such as droughts and heat waves over the United States
(e.g., Namias 1982; Lyon and Dole 1995). Both rean-
alysis products produce quite realistic precipitation
anomalies over the United States compared with station
observations during July 1993 and June 1988 (Fig. 2).
The major differences are atendency for both reanalysis
products to underestimate the positive precipitation
anomaly over the central United States during the flood-
ing conditions and overestimate the negative precipi-
tation anomaly during the drought. In the following we
examine the level of agreement in the three analysesin
the characterization of the moisture flux and moisture
convergence anomalies during July 1993 and June 1988.

Figure 3 shows the spatial distribution of the unnor-
malized anomal ous moisture flux vectors. The light, in-
termediate, and dark shading indicates regions where
the magnitude of the normalized anomalous moisture
fluxes [see Eq. (3)] exceeds 1.5, 2, and 2.5 standard
deviations, respectively. All three analyses show the ba-
sic signature of the wet and dry periods, with much
enhanced north/northeastward transport over the central
United States during July of 1993, and anomal ous south-
ward transport (with magnitude greater than two stan-
dard deviations) over much of the eastern half of the
United States during the drought. The basic anticyclonic
structure of the anomalies during June of 1988 reflects
the abnormally strong upper-level anticyclone, which
covers much of the country during the drought. Also,
anomal ous northerly fluxes occur aong both coasts dur-
ing July 1993.

Figure 4 displays the total monthly averaged anom-
alous moisture flux (Q) for the three analysesintegrated
along each lateral boundary (see Fig. 1). The moisture
fluxes are area weighted and the units are scaled to mm
day—*. The inflow and outflow through the boundaries
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FiG. 2. Precipitation anomalies over the United States for July 1993 (left panel) and June 1988
(right panel) for DAO (top), NCEP (middle), and NOAA station observations (bottom). Contour
interval is 1 mm day—*. Dark (light) shadings denote positive (negative) anomalies, respectively.
Note that the NOAA station observation dataset is gridded from gauge observations over the
continental United States. Thus, values over Canada and Mexico in (c) and (f) are not reliable.

are generally consistent between the three analyses and
reflect the anomalies shown in Fig. 3. During the mid-
west flood conditions in July 1993 (Fig. 4a), al three
analyses show anomalous inflow from the southern and
western boundaries, and outflow across the eastern and
northern boundaries. In comparison to July 1993, the
anomalies during June 1988 are reversed (Fig. 4b). In
fact, during June 1988 the magnitude of the anomalous
outflow from the southern boundary is about twice the
maghitude of the anomalous inflow in July 1993.

There are, however, substantial differences between
the analyses. For example, the anomalous inflow from
the western boundary during July 1993 varies between
1.77 (DAO) and 1.24 (ECMWF), while the anomal ous
outflow through the eastern boundary varies between
0.84 (DAO) and 0.37 (ECMWEF). Surprisingly, the flux
convergences differ by much less indicating a tendency
for the flux differences across the boundaries to cancel.
Substantial differences in the moisture flux anomalies
exist as well for June 1988. In particular, the NCEP
inflow and outflow along the eastern and western bound-
aries are substantially weaker than those in the other
two analyses.

2) ARGENTINA EAST OF THE ANDES (REGION I1)

During summer this region is characterized by a gen-
erally northerly low-level flow associated with theresult
of the extension of the Atlantic anticyclone over the
continent and a LLJ along the eastern slope of the An-
des. The South American or Pampas LLJ (Paegle 1984)
isless well documented than the Great PlainsLLJ. This
islargely dueto the limited observational coverage over
this region. There are, for example, few radiosonde ob-
servations with generally only one observation per day
(1200 UTC). Thus, larger differences (compared with
the United States region) are expected in the moisture
fluxes, which reflect differences in the assimilation sys-
tems. Figure 5 shows the precipitation anomalies for
February 1992 and December 1985 over Argentina east
of the Andes. During December of 1985 southeastern
Brazil experienced drought conditions, while during
February 1992 southern Brazil, northern Argentina, and
northern Uruguay experienced heavy rains. Compared
with observations, both reanalyses produce redlistic pre-
cipitation anomalies over the South American continent.
The major differences between the reanalysis products
and the observations occur over the ocean and the moun-
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Fic. 4. Anomalies of the vertically integrated moisture fluxes across the lateral boundaries and
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July 1993 and (b) June 1988 for DAO (blank arrows), NCEP (light-shaded arrows), and ECMWF
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FiG. 5. Precipitation anomalies over South Americafor February 1992 (left panel) and December
1985 (right panel) for DAO (top), NCEP (middle), and observations (bottom). Contour interval
is 1 mm day—*. Dark (light) shading denotes positive (negative) anomalies, respectively.

tain ranges of the Andes. Also, the NCEP-NCAR pre-
cipitation field over land tends to be somewhat noisier
than either the observations or the DAO product es-
pecially for December 1985.

Thevertically integrated moisture flux anomaliesover
South America and adjacent oceans for February 1992
and December 1985 are shown in Fig. 6. During Feb-
ruary 1992, all three show an enhanced southward flux
east of the Andes and an enhanced anticyclonic flux off
the east coast (Fig. 6a). These anomalies are large com-
pared to the average interannual variability with sub-
stantial regions of flux exceeding two standard devia-
tions in magnitude. The ECMWF operational product
shows the most intense flux anomalies east of the Andes,
whereas the NCEP product has the weakest. Both the
ECMWF operational and NCEP reanalysis products
show the East Coast anticyclonic anomalies extending
well inland, whereas this is not the case for the DAO
product. During December 1985 (Fig. 6b), the anoma-
lies are southerly and southeasterly over much of the
continent. The DAO product shows the largest anom-
alies north of about 25°S, while both NCEP reanalysis
and ECMWEF operational analysis have relatively large
southerly fluxes extending further south over the con-
tinent to about 35°S.

The anomalous moisture fluxes across the lateral

boundaries show substantial differences between anal-
yses (Fig. 7). During February of 1992 the influx from
the north is almost a factor of 2 smaller in the ECMWF
operational product. The inflow from the west ranges
between 0.62 mm day—* for the DAO product and 0.25
mm day—* for the ECMWF operationa product. The
eastern boundary has the largest discrepancy with the
ECMWF operational product showing an inflow of more
than 2 mm day—* while the DAO product shows essen-
tially no net flux: this reflects the differences in the
westward extension of the East Coast anticyclonic
anomalies discussed above and the relatively weaker
easterly anomalies in the north branch of the anticy-
clonic anomalies. These differences translate to a large
difference in the convergence with the ECMWF oper-
ational product showing the largest convergence (0.84
mm day—*) and the DAO product showing a weak di-
vergence. Surprisingly, the December 1985 anomalies
are in somewhat better agreement. The exception to this
is the eastern boundary, where the ECMWF operational
product shows no net flux while both reanalyses show
more than 1 mm day~* inflow. In general, the discrep-
ancies are largest at the eastern and western boundaries,
reflecting data voids over the ocean and difficulties in
the representation of the low-level fluxes over steep to-

pography.
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Fic. 6. Same as Fig. 3 except for South America for (a) February 1992 (left panels) and (b)
December 1985 (right panel).

3) THE INDIAN MONSOON REGION (REGION II1)

The Indian monsoon region was chosen to encompass
both the Somali jet and India. The Somali jet is char-
acterized by strong low-level southerly flow near the
Somali coastline, which contributes substantially to the
cross-equatorial moisture transport and evaporative
moisture sources that fuel the Indian monsoon (Mura-
kami et al. 1984). During the summer of 1987 the Indian
monsoon was weaker than norma while a much en-
hanced monsoon occurred during the summer of 1988.
The month of May was chosen to highlight the inter-
annual differences in the Somali jet and the onset phase
of the monsoon. The reanalyses produce qualitatively
similar precipitation anomaly patterns compared to the
observations (Fig. 8), with May of 1988 characterized
by reduced tropical precipitation off the east coast of
Africa, and enhanced precipitation in aregion extending
from the Arabian Sea, south of India into the Bay of
Bengal. During May of 1987 both reanalyses and ob-
servation show reduced precipitation over much of the
latter region. However, the DAO assimilation extends
the Bay of Bengal negative precipitation anomaly too
far west over the Indian subcontinent. While there are
considerable differences between the reanalyses and the
observations, the NCEP-NCAR reanalysis appears to
do a better job in depicting the major precipitation
anomalies over this region.

The three estimates of the moisture flux anomalies
(Fig. 9) again capture similar features. The strong mon-
soon (May 1988) is characterized by much enhanced
westerly flux throughout the Tropics, while the weak
monsoon is characterized by substantial easterly flux
anomalies south of 10°N. The westerly anomaliesduring
1988 are quite large (more than two standard deviations)
over much of the Tropics in all three products, and the
easterly anomalies in 1987 are particularly large just
south of India. During May 1987, all three analyses
show large (more than two standard deviations) south-
easterly anomalies over the Indian peninsula. The spatial
patterns of the flux anomalies show substantial differ-
ences. During 1988 the westerly anomalies have a clear
wavelike structurein the DA O product with asubstantial
southerly flux component along the east coast of Africa
and northerly component near 65°E. In contrast, the
ECMWF operational and NCEP reanalysis products
show a more zonal structure. The reverse is true for
1987 where the DAO product shows a more zonal struc-
ture in the easterly anomalies.

The differences in the moisture flux through the lat-
eral boundaries (Fig. 10) reflect the differences in the
flux patterns described above. During May 1988 the
DAQO product shows a substantially larger outflow
through the eastern boundary, and substantially larger
inflow at the southern boundary compared with the other
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Fic. 7. Same as Fig. 4 except for Argentina east of the Andes for (a) February 1992 and (b)
December 1985.

two. The western and northern boundaries show rela
tively weak fluxes. There is somewhat better agreement
during May 1987, but the boundary fluxes tend to be
largest in the DAO product. Both years show a net di-
vergence that is strongest in the ECMWEF product and
weakest in the NCEP product.

A preliminary analysis of the variability over the
monsoon region in the DAO product shows a strong
dependence of the precipitation anomalies on the avail-
ability of the Indian station data (Park et al. 1996). While
the operational centers routinely throw out moisture and
height observations from certain ‘“‘black-listed sta-
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Fic. 8. Same as Fig. 5 except for the Indian monsoon region.
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Fic. 9. Same as Fig. 3 except for the Indian monsoon region for May 1988 (left panels) and
May 1987 (right panels).

tions,” this was not the case for the DAO reanalysis.
The black-listed observations are primarily over the In-
dian monsoon region, and to the extent that they passed
the internal quality checks are likely responsible for
some of the differences in the DAO product in this
region.

(a) May 1988
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b. Interannual variability

In this section we examine the degree of correspon-
dence in the spatial patterns of the anomalies in the
moisture flux and convergence for all months. The com-
parison is done in terms of the 9-yr (1985-93) average

(b) May 1987
0.36 0.24 0.23

0.42 {J
0.17 &3

0.36

Total flux convergence
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Fic. 10. Same as Fig. 4 except for the Indian monsoon region for (a) May 1988 and (b)
May 1987.
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Fic. 11. Seasonal variations of the spatia correlations of the am-
plitude of the vertically integrated moisture fluxes during the period
of 1985-93 for (a) the Great Plains (region 1), (b) Argentina east of
the Andes (region I1), and (c) the Indian monsoon region (region I11).
The solid lines denote correlations between DAO and NCEPR the
dashed lines between DAO and ECMWEF, and the dash—dotted lines
between NCEP and ECMWE
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of the spatial correlations of the monthly mean anom-
alies over the three regions shown in Fig. 1.

Figure 11 shows the spatial correlations for the ver-
tically integrated flux magnitudes in the three regions.
The correlations are quite high over the Great Plains
(greater than 0.9) throughout the year. There is little
evidence of a seasonality in the correlations except for
a dlight decrease in August involving the correlations
with the DAO product. The correlations over the South
American region are considerably lower and show a
clear seasonal cycle; they are low during summer (about
0.6) and high during winter (about 0.8). The correlations
are still lower over the Indian monsoon region, with the
correlations reaching 0.8 during only the active mon-
soon months of late spring and early summer. These
results clearly show the impact of the differences in
observational coverage in the three regions. This mea-
sure does not, however, show a substantial difference
in correspondence between the operational and reanaly-
sis products, though there is a slight tendency for the
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Fic. 12. Same as Fig. 11 except for the vertically integrated mois-
ture flux convergence.

reanalysis products to agree more closely over the Great
Plains and the South American regions.

Figure 12 is the same as Fig. 11 except for the ver-
tically integrated flux convergence. The correlations are
considerably lower than for the moisture fluxes. Thisis
not surprising, since the convergence isamore sensitive
measure (involving derivatives of the fluxes) of the dif-
ferences between the analyses. The correlations are
highest between the reanalysis products averaging about
0.61 for the Great Plains region, 0.44 for the South
American region, and 0.28 for the monsoon region.
There is surprisingly little seasonality to the correla-
tions, though there is a slight tendency for the NCEP-
DAO correlations to be higher during the spring and
fall months over the Great Plains. These results suggest
that the ability of the assimilated products to capture
climate signals in the hydrological cycle, in particular
the components of the moisture budget, israther limited.
While the use of unvarying assimilation systems (the
reanalyses) appears to result in some improvement (as
measured by the correlations), the degree of correspon-
dence is still rather low over data-rich regions, and ba-
sically void of information content over data-sparse ar-
eas such as over the Indian monsoon region.

We examine next the differences between the three
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Fic. 13. Seasonal variations of the interannual variances of the
amplitude of the vertically integrated moisture fluxes during the pe-
riod of 1985-93 averaged over (@) the Great Plains (region 1), (b)
Argentina east of the Andes (region I1), and (c) the Indian monsoon
region (region |11). The solid lines represent the DAO reanalysis, the
dashed lines the NCEP reanalysis, and the dash—dotted lines lines the
ECMWF operational analysis. Units are (g kg~ m s™1)2

products in the interannual variance. Figure 13 com-
pares the area-averaged interannual variance of the mag-
nitude of the monthly mean fluxes. In general all three
products show similar variances. The ECMWF opera-
tional product shows somewhat larger variances than
the reanalysis products over the South American region.
The poorest agreement is again over the Indian monsoon
region. Over the Great Plainsregion, thelargest variance
occurs during June and July. The Indian monsoon region
shows enhanced variability during May—July, with the
largest interannual variability tied to the onset period of
summer monsoon (May). Figure 14 compares the var-
iances in the vertically integrated flux convergence.
Here the differences between the operational and rean-
alysis products are evident. In all three regions the
ECMWEF operational product has substantially more in-
terannual variance (roughly a factor of 3) in the con-
vergence. This reflects the locally more intense con-
vergence patterns in the ECMWF operational product,
which may be associated with the spatial resolution of
the assimilation system.
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Fic. 14. Same as Fig. 13 except for the vertically integrated mois-
ture flux convergence. Units are (mm day—1)%

4. Uncertainties

In the previous section we have shown that, while
there are substantial similarities between the three anal-
yses, there are also major differences that are particu-
larly pronounced in the moisture convergence. In this
section we attempt to determine those components of
the moisture fluxes and flux convergence that are most
responsible for the differences between the three anal-
yses. We begin by comparing the contributions to the
interannual variability of the monthly mean moisture
fluxes. This is followed by a closer look at the terms
contributing to the anomalous flux convergence during
the extreme (drought and flood) months examined in
the previous section.

a. Moisture flux

Theinterannual variationsin the monthly mean mois-
ture flux result from variations in the monthly means,
variations in the monthly mean covariances, and from
interannual covariances between the monthly meansand
monthly mean covariances. This may be written for the
northward flux as
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Va(w) = [(vq — [vq])7]
- (wq - ) + | (v - [va )]
+2 Cov(vq, v’—q’) (4)

where the bar denotes a monthly average and the square
brackets denote a 9-yr mean. The prime indicates a de-
viation from the monthly mean. The first term on the
right-hand side of Eq. (4) may be further decomposed
into a term involving the monthly mean variations in
the wind, and covariance of monthly mean moisture and
wind fields, and other terms as

(g — [vaD)?] = [v*°[q]* + [v][a][v o]
+ other terms,

©®)
where the other terms include, for example, [G*?][v]?,
which isthe contribution due to the monthly mean mois-
ture variations. Note that the asterisk (*) indicates a
deviation from the 9-yr mean. In the following we show
profiles of the various contributions to the variance in
the meridional flux at several locations. The locations
and months are chosen to highlight the differences in
the variability of the LLJs in each of the three regions
shown in Fig. 1.

Figure 15 shows components of the meridional flux
variance profilefor July over the Great Plainsin aregion
where the LLJ is active (30°—40°N, 95°-105°W). The
interannual variance in the monthly mean flux is dom-
inated by the term involving the variance in the monthly
mean winds [first term on the right-hand side of Eq. (5)
shown in Fig. 15a]. The DAO product shows a more
intense low-level variance maximum than the other
products with the maximum occurring at 950 mb, while
in the ECMWEF operational and NCEP reanalysis prod-
ucts the maximum occurs at 850 mb and 925 mb, re-
spectively. The pressure-level data of the ECMWF op-
erational analysis clearly has insufficient resolution to
resolve the low-level maximum. The differences in the
level of the maximum between NCEP and DAO (950
vs 925 mb) very likely reflect the differences in output
levels; however, the differences in magnitude appear to
be real. The ECMWF operational product shows more
variance than the other products above 850 mb. The
remaining terms (Fig. 15b) are approximately an order
of magnitude smaller in which the contribution due to
the covariance of the monthly mean moisture and wind
fields is the most significant [second term in Eq. (5)].
Figures 15¢ and 15d show the wind variance and mean-
square moisture profiles, respectively, making up the
dominant term in the flux variance [first term on rhs of
Eqg. (5)]. The differencesin the variance of the moisture
flux clearly reflect the differences in the variances of
the boundary layer winds, though the wetter ECMWF
moisture profile contributes substantially to the differ-
ences at 850 mb and above. Table 1 quantifies the rel-
ative contributions to the flux discrepancies at 850 mb,
which is the lowest level at which all three centers pro-
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FiG. 15. The vertical profiles of the contributions to the interannual
variances of the meridional moisture flux averaged over 30°—40°N
and 95°-105°W for July from (a) the interannual variances in the
monthly mean meridional wind weighted by the square of the 9-yr
averaged monthly mean moisture profiles [first term in Eq. (5)] and
(b) the remaining terms in Eq. (4) and (5). Panels (c) and (d) show
the vertical profiles of the interannual variances of the monthly mean
meridional wind and the square of the 9-yr averaged monthly mean
moisture profiles, respectively, which makes up the variance profiles
in (a). The solid lines represent the DAO reanalysis, the dashed lines
the NCEP reanalysis, and the dash—dotted lines the ECMWF oper-
ational analysis. The unitsare (g kg=* m s~%)?for (a) and (b), (m s~3)?
for (c), and (g kg=4)? for (d).
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vide data. This shows a distinct difference between the
reanalysis and operational products for the Great Plains
such that wind discrepancies dominate the reanalysis
differences, while both wind and moisture discrepancies
are important for the differences with the operational
product.

Figure 16 shows the components of the February me-
ridional flux variance over South America just east of
the Andes Mountains (20°-30°S, 55°-65°W). The dom-
inant term [first term on rhs of Eq. (5) in Fig. 16q] is
considerably different among the three analyses. The
DAO and NCEP estimates have the maximum below
850 mb (950 and 925 mb, respectively), though the
DAO maximum is about three times that of NCEP. The
ECMWF operational product again does not have suf-
ficient resolution to distinguish this maximum, but the
variance at 850 mb is about twice that of the DAO
product and four times that of the NCEP product. The
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TABLE 1. The differences (A) between two analyses of the quantity
[v*?][q]? at 850 mb divided by the average of the two corresponding
analyses (~) of the individual components

Ave@?) _ AlveD) | Ad@®
8 C N S I C G

The ratios are area averaged.

Great Plains
NCEP- DAO ECMWF-DAO ECMWF—NCEP

A(*?])

— ~0.034 0.094 0.128
[v*7]
A 2
Q@) 0.000 0.183 0.183
[a]?
A Tx2 2
ARTAEYD) s 0.277 0.311
[v*2][q]?
Argentina east of the Andes
NCEP— DAO ECMWF — DAO ECMWF — NCEP
A([v*2])
L —0.601 0.149 0.734
[v*7]
A 2
Q@) ~0.066 0.360 0.423
[a]?
A Tx2 2
([,"77]@) —0.667 0.509 1157
[v*2][q]?
Indian monsoon region
NCEP— DAO ECMWF — DAO ECMWF — NCEP
A k2
A7) ~0.231 ~0.162 0.070
[v*7]
A 2
A ~0.267 0.122 0.386
[a]2
A Tx2 2
%@2) ~0.498 ~0.040 0.456
[v*2][dl

remaining terms (Fig. 16b) are again about an order of
magnitude smaller. The decomposition of the dominant
term [first term on RHS of Eq. (5)] shows that again
the differences in the flux variances are strongly influ-
enced by differences in the winds (Figs. 16¢ and 16d).
The ECMWF operational product has the largest lower
tropospheric wind variance with a maximum at 700 mb.
The NCEP and DAO wind variance profiles show a
rather flat variance profile in the lower troposphere,
though the NCEP values are considerably weaker than
those of the DAO. Here also, the ECMWF operational
product is wetter at 850 mb and above. Table 1 shows
the relative contributions to the discrepancies for this
region are similar to the Great Plains region such that
wind differences dominate for the reanalysis products
and both wind and moisture differences are important
for explaining the differences with the operational prod-
uct.

The Indian monsoon region (Fig. 17) shows the least
interannual variability in the moisture flux of the three
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FiG. 16. Same as Fig. 15 except for 20°-30°S and 55°-65°W for
February.

regions considered. The meridional flux variance for
May in the vicinity of the Somali jet (0°~10°N, 40°—
50°E) is only about half that of the other regions. This
is due to the smaller variance of the meridional wind
(Fig. 17c). The flux variance is again dominated by the
wind variance (cf. Figs. 17a and 17b). While the DAO
reanalysis and ECMWF operational products show sim-
ilar flux profiles above 850 mb, this appears to be for-
tuitous reflecting compensating differences in the wind
variances and moisture profiles (cf. Figs. 17c and 17d).
The NCEP profile is driest while the ECMWF profile
is the wettest. On the other hand, the NCEP reanalysis
and ECMWF operational products have similar wind
variance profiles (Fig. 17c) while the DAO product
shows larger wind variance above 850 mb. In contrast
to the other two regions, both the differencesin thewind
variance and moisture profiles in this region contribute
substantially to the differences in the interannual vari-
ability of the moisture flux at 850 mb for all three prod-
ucts (Table 1).

b. Moisture convergence

The previous section examined the sources of uncer-
tainty in the estimates of the interannual variability in
the monthly mean moisture flux. In this section we ex-
amine the uncertainty of the variability of the moisture



2638

a b
300 (a) 300 (b)
400 DAO 4004
— — NCEP
5004 — = ECMWF . 500
a £0
£ E \
= 600 1 = 6001
e ® I
3 3
@ 7001 & 700 Jl
g £ il
% 8004 800 1 Al
900 900 ;
1600 1000 .
600 800 100
300 300
400 ! 400
5001 - 5001
a La
£ E
~ 600 ~ 500 |
hd e
= 3
# 700 2 700
2 4
& 800+ & 800 1
900 1 900
1000 — 1000 : .
0 2 4 6 8 0 100 200 300
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convergence. Here we will focus on the drought and
flood years during which it is expected that this more
sensitive measure of the product quality will be most
robust. To help isolate the sources of discrepancy, we
decompose the monthly mean moisture flux conver-
gence, —V-qV, into its component terms. The monthly
averaged moisture flux convergence at a particular level
may be written as

—VqV = —gV-V - V.Vg — Vq'V', (6)

where the first term on the rhs is the contribution from
the mean divergent wind field, the second term is the
horizontal advection of moisture, and the last term is
the contribution from the submonthly transients. The
submonthly transient term is computed from the daily
mean data so that the diurnal variations are excluded.
In the following we compare for each region the area-
averaged deviation of each term in Eg. (6) from its
corresponding long-term (9-yr) mean.

Here we shall also focus on a particular level to avoid
the additional uncertainties imposed by the differences
in the available levels of the three products. Table 2 lists
the monthly mean deviations from the long-term mean
of the individual terms in Eq. (6) at 850 mb averaged
over the three key regions. Over the United States Great
Plains during July 1993, the contributions from tran-
sients and horizontal moisture advection are very con-
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TABLE 2. Anomalies of —V-Vg, —qV-V, —V-Vqg, and —V-V'q’
at 850 mb averaged over the three key regions for selected months.
Units: 105 g kg™t s

Dataset -V-Vq —qV-V —V.Vq-V-V'¢/
Great Plains

July 1993 DAO 0.58 0.51 0.14 —0.06
NCEP 0.54 0.34 021 -0.01
ECMWF 0.40 0.36 —0.01 0.05
June 1988 DAO -0.30 -0.23 011 -0.18
NCEP -064 -038 -0.02 -024
ECMWF —-0.40 -0.42 011 -0.09

Argentina east of the Andes
February 1992 DAO 0.25 0.35 0.06 —-0.16
NCEP 0.47 0.40 0.18 -0.11
ECMWF 0.26 0.18 0.17 —-0.09
December 1985 DAO -046 -042 -0.18 0.14
NCEP -0.69 -051 -0.30 0.12
ECMWF -043 -012 -0.28 -0.03

Indian monsoon region

May 1988 DAO -0.11 -0.07 -0.16 0.12
NCEP —0.05 012 -0.17 0.00
ECMWF -039 -016 -0.24 0.01
May 1987 DAO 0.03 -0.19 0.18 —-0.02
NCEP 001 -0.18 0.18 0.02
ECMWF —-0.17 -0.46 0.28 0.01

sistent in the two reanalysis products. The anomalous
convergence is dominated by the mean flow terms with
the largest contribution coming from the divergence
term. The transients, however, contribute only a small
portion to the moisture convergence. The ECMWF op-
erational product, on the other hand, shows the contri-
bution to the convergence anomaly coming almost ex-
clusively from the divergence term.

During June 1988 there is somewhat more disagree-
ment among the three products; however, all three prod-
ucts show that the submonthly transients play an im-
portant role in contributing to the anomalous divergence
during that time (though less so for the ECMWF op-
erational product). Note that the importance of the sub-
monthly transients to the total divergence anomaly con-
trasts with the previous section, which showed that the
interannual flux variability associated with the intra-
monthly wind and moisture variations is relatively
small. This highlights the important dynamical conse-
quences of small differences in the submonthly wind
and moisture covariances, which can generate diver-
gences/convergences of magnitudes comparable to
those associated with the monthly mean flows.

The South American region shows qualitatively the
same result in all three products with anomalous con-
vergence during February 1992 and anomalous diver-
gence during December 1985. The NCEP product, how-
ever, shows substantially larger magnitudes. Thisis pri-
marily the result of a stronger divergence term in the
NCEP product. In both months, the mean flow contri-
bution dominates the anomalous convergence/diver-
gence. The contribution from the transients is similar
during February 1992 (all products show divergence),
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while during December 1985 the reanalysis products
show convergence and the ECMWF operational product
shows a slight divergence.

The Indian monsoon region shows little net anoma-
lous convergence in the two reanalysis products during
the two months (May 1987 and May 1988). In contrast,
the operational product shows a substantial divergence
anomaly during both months. These discrepancies are
largely the result of differences in the divergence term.
The transients contribute little to the total anomalous
flux convergence/divergence in this region during both
months.

5. Summary and conclusions

The accurate representation of the hydrological cycle
is one of the most challenging problems facing the data
assimilation community since the quality of the final
assimilated products depends strongly on the quality of
the observations, the ability of the system to ingest the
observations without shocking the hydrological com-
ponent, and the veracity of the physical parameteriza-
tions. The moisture field, characterized by sharp gra-
dients and largely confined to the planetary boundary
layer, is inadequately sampled by conventional obser-
vations. Current satellite measurements provide sub-
stantially improved horizontal coverage, but little in-
formation about the vertical distribution. The important
role of highly confined low-level jetswith strong diurnal
cycles makes it clear that current wind observations are
inadequate to accurately estimate moisture fluxes and
convergence (see, e.g., Rasmusson 1968; Helfand and
Schubert 1995). Data assimilation, on the other hand,
has the potential for providing global, consistent, and
more accurate (than observations alone) estimates of al
components of the hydrological cycle. That this poten-
tial is not yet fully realized reflects to a large extent the
sensitivity of the assimilated hydrological cycleto some
of the most difficult aspects of model formulation in-
volving precipitation, clouds, and evaporation, as well
as uncertainties in the representation of the planetary
boundary layer (see, e.g., Paegle and Vukicevic 1987;
Trenberth and Olson 1988; Trenberth 1991; Schubert et
al. 1995; Wang and Paegle 1996; Higgins et al. 1996).

This study attempts to shed some light on the quality
of current estimates of climate (interannual) anomalies
in the hydrological cycle by comparing results from
recent operational weather and climate data assimilation
systems. One of the distinguishing features of this study
is that we focus on variability. The working assumption
being that while the products still have strong climate
bias, they may, nevertheless, provide more reasonable
estimates of variability. That this may be the case is
suggested by a number of studies employing the
GEOS-1 reanalysis (e.g., Schubert et al. 1995; Schubert
and Rood 1995). The focus here is on regions with
strong low-level jets and on periods with extreme
(drought or flood) conditions in order to determine the
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ability of the systems to capture the signature of these
key processes during major climate events. In particular,
moisture fluxes and moisture convergence have been
investigated for selected months over the United States
Great Plains, Argentina east of the Andes Mountains,
and the Indian monsoon region. The assimilated data
consist of reanalysis products generated at the NASA/
Goddard Data Assimilation Office (Schubert et al. 1993)
and the National Centersfor Environmental Prediction—
National Center for Atmospheric Research (Kalnay et
al. 1995), and the operational products of the European
Centre for Medium-Range Forecasts. The assimilation
systems differ in the general circulation models em-
ployed, the assimilation techniques, and the input data.
We note that ECMWF is also producing a reanalysis
product (Gibson et al. 1994), though it was not available
to us in time for this project.

In general, all three products capture the anomalous
moisture transports during the dry and wet periods over
the key regions. The reanalysis products, in particular,
show good agreement in depicting the different roles of
the mean flow and transients during the flood and
drought periods. There are, however, substantial differ-
ences (in both direction and magnitude) between the
analyses in the moisture flux anomalies even over
regions with relatively abundant observations, which
result in substantial differences in the vertically inte-
grated and area-averaged flux convergence. These dif-
ferences range from 25% over the Great Plains to more
than 100% over the other regions. The spatial correla-
tions of the anomalies in the flux magnitude (flux con-
vergence) range from about 0.95 (0.61) over the Great
Plains to 0.6 (0.15) over the Indian monsoon region.
The correlations tend to be higher between the reanaly-
sis products than with the operational product; however,
the rather low correlations for the flux convergence sug-
gest that the ability of assimilation systems to capture
climate signals in the hydrological cycleis still limited.
One of the largest differences between the operational
and reanalysis products occurs in the estimates of in-
terannual variance of the local flux convergence. It is
shown that the ECMWF operational product has sub-
stantially more variance (roughly a factor of 2) in the
flux convergence. This reflects the generally noisier and
locally more intense convergence patterns of the op-
erational product.

The sources of uncertainty in the moisture flux anom-
alies were investigated by separating the interannual
variance of the monthly mean moisture flux into its
component terms. The dominant term involves the
monthly wind variance weighted by the square of the
mean moisture profile. Typically, other terms are about
an order of magnitude smaller (the covariance between
the monthly mean wind and moisture is the most im-
portant of the remaining terms). Thus differences in
estimates of interannual variability of the flux occur
primarily as a result of differences in the variability of
the winds and/or as a result of bias in the moisture
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profiles. Of these two, the differences in the variability
of the lower tropospheric winds is by far the dominant
source of the discrepancies in the moisture flux for the
reanalysis products in middle latitudes. Only in the In-
dian monsoon region, where interannual variability in
the low-level winds is comparatively small, does the
moisture bias play a substantial role. The above result
is not true for the operational product where differences
in moisture are comparableto the differencesinthewind
in all three regions.

The sources of uncertainty in the area-averaged
anomalous flux convergence was determined by ex-
amining the relative contributions to the monthly mean
convergence from the mean flow and submonthly tran-
sients during the extreme (flood and drought) climate
events. While discrepancies in the anomalous diver-
gence often dominate the discrepancies in the flux con-
vergence, this was found to be not universally true. In
fact, the relative contributions to the flux convergence
anomalies varied considerably by year and region. For
example, over the Great Plains during July 1993 the
magnitude of the mean flow advection term was about
half that of the divergence term, yet estimates of the
advective term between analyses varied by more than
100% while those for the divergence term varied by
only about 40%.

There are also a number of postprocessing issues that
may account for some of the differences. This is es-
pecially true for the operational analysis. The vertical
integration is done on the available mandatory pressure
levels for the ECMWF operational product while it is
done on the model sigmalevel for the reanalyses. Com-
parisons of sigma level versus pressure level fields em-
ploying the DAO products (not shown) indicates dif-
ferences of about 30% in the area-weighted vertically
integrated moisture convergence. This result is consis-
tent with the findings of Trenberth (1995). The vertical
interpolation for the ECMWF operational product isalso
impacted by errors in the surface pressure field, which
is based on an enhanced envel ope orography (see Tren-
berth 1992). The conversion from the high-resolution
ECMWF operational analysis data to the 2.5° X 2.5°
fields may have introduced aliasing in the coarse res-
olution fields as discussed by Trenberth and Solomon
(1993). Also, the operational product is available only
twice daily while the reanalyses are provided four times
daily, which may lead to large differences over regions
with large diurnal and semidiurnal variations (Trenberth
1991). Wang and Paegle (1996) demonstrated that the
discrepancies in the moisture flux convergence are re-
duced by using four times daily data. Other differences
involve the amount of data (observations) that were ac-
tually ingested by the assimilation systems. For exam-
ple, the DAO (GEOS-1) assimilation system did not
analyze 925 mb or significant level observations. The
DAO product also appears to be impacted in the mon-
soon region by observations from black-listed stations
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that survived the internal quality checks (Park et al.
1996).

The ultimate source of the discrepancies discussed
above is clearly tied to a combination of inadequate
observations and model deficiencies especially in
regions of steep topography and strong highly confined
low-level winds. Thelack of observationsclearly played
a role in the discrepancies over the Indian monsoon
region, and also over the South American region, both
near the Andes and the adjacent oceans where shiftsin
the position of the oceanic anticyclone played an im-
portant role. It isalso clear that the proper representation
of the low-level jets is critical for obtaining proper es-
timates of the anomalous flux convergences. Small dif-
ferences in the structure and position of the winds in
regions of high humidity lead to large differencesin the
convergence. These problems are not unique to esti-
mating these climate anomalies and have been cited as
the main sources of discrepanciesin the moisture budget
in several previous studies (e.g., Wang and Paegle
1996). Whileit is encouraging that for the cases studied
here all three analyses appear to capture the basic flux
anomalies, they are not yet accurate enough to produce
reliable quantitative estimates of flux convergence
anomalies. Future modeling efforts must clearly lie in
improved representation of the boundary layer and orog-
raphy. Better observations of moisture and especially
low-level wind fields would clearly help. Some of the
new satellite measurements, which will become avail-
able in the next few years, such as those from NASA's
Earth Observing System (EOS) Program, should help
in that regard. The data assimilation community must
also focus on finding better ways of incorporating mois-
ture information from existing sensors, as well as, find-
ing new ways to incorporate unconventional quantities
such as cloud and precipitation information (e.g., Krish-
namurti et al. 1991, 1993, 1994; Kasahara et al. 1994).
In the absence of improved global wind measurements
we must, however, rely increasingly on our ability to
model the planetary boundary layer. The sensitivity of
the fluxes and convergence to the representation of LL Js
suggests a renewed emphasis must be placed on un-
derstanding and modeling these phenomena.
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