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ABSTRACT

For the period 1987 to 1993, quantities central to the global moisture budget from the global analyses of the
European Centre for Medium-Range Weather Forecasts (ECMWF), the U.S. National Meteorological Center
(NMC), and NASA /Goddard have been computed and compared. The precipitable water is computed and
compared with satellite data from the Special Sensor Microwave Imager (SSM/I). Fluxes of moisture and their
divergence have been used to estimate the vertically integrated moisture budget and thus evaporation minus
precipitation (E — P) as residuals. Results of several test computations show that small biases exist in precipitable
water as vertical resolution and methods of computing vertical integrals are changed, but the impact is small
on the moisture budget. In the Tropics and subtropics the moisture budget is dominated by the divergence field
rather than the moisture amounts, and consequently initialization of the analyses has an impact on the perceived
moisture budget. The diurnal cycle is shown to be important especially for E — P, For the vertically integrated
moisture budget, the use of pressure coordinates instead of the model coordinates on which the data are analyzed
produces acceptably small differences for the most part, although adequate resolution at low levels and proper
treatment of the surface is important. Computations at different horizontal resolutions reveal the importance
of adequate resolution in the vicinity of steep orography but also that resolution is not a big factor on large
scales even where steep gradients in precipitation exist. The implication is that it is the veracity of the large-
scale divergence and moisture fields themselves that contribute to problems, and these arise from the moist
physics of the assimilating model used in four-dimensional data assimilation, which dominates the character
of the analyses. However, in the subtropics large positive biases are present in precipitable water in the ECMWF
and, to a lesser extent, NMC analyses and are partly due to the assimilation of biased TOVS retrievals. The
effects of the large and spurious changes in analysis systems at ECMWF and NMC are manifested in the results.
Differences between ECMWF and NMC E — P locally are 60%-75% of the values themselves in the Tropics
at T31 resolution and about one-half as much at T15 resolution, and they are not diminishing with time. By
making use of estimates of E and P from the NASA /Goddard reanalysis, both spatial and temporal variability
of E — P are found to be dominated by the P field. Accordingly, for part of 1987 and 1988, estimates of
precipitation from the Global Precipitation Climatology Project are used to qualitatively assess the £ — P
estimates. The ECMWF estimates appear to be best at that time, but since then the NMC values have become
less intense while the ECMWF estimates have greatly intensified. The large differences that still exist in such
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estimates are apt to be carried over to the NMC and ECMWF reanalysis products.

1. Introduction

Moisture is critically important to life on earth, and
human welfare and many human activities, especially
agriculture, depend upon having just the right amount.
Yet it is surprising how poorly the global hydrological
cycle is known and how little attention has been given
to the causes of major perturbations such as long-term
widespread droughts and floods. One source of inter-
annual variability in both is the El Nifio-Southern Os-
cillation (ENSO) phenomenon, which has associated
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with it extremes of opposite sign in rainfall throughout
the Tropics and subtropics (see Glantz et al. 1991 for
an overview).

Reasons for the scanty knowledge of both moisture
in the atmosphere and precipitation stem from the lack
of observations, especially over the oceans, and the na-
ture of the quantities. Rainfall and clouds often occur
on quite small time scales and space scales, so that a
single moisture or precipitation observation is not rep- -
resentative of a very large area or for more than a small
fraction of a day. Moreover, measurements of precip-
itation occur only where humans live in relatively
widely spaced locations, and the buckets used to mea-
sure accumulations may not catch it all, especially un-
der snowy and windy conditions. Satellite data on
moisture have been made available to the global
analyses from TOVS (TIROS Operational Vertical
Sounder), although with mixed results (Liu et al. 1992;
Wittemeyer and Vonder Haar 1994 ) as discussed later.
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After July 1987 fields of precipitable water and other
quantities from the Special Sensor Microwave Imager
(SSM /1) have become available, but these are not pro-
duced in time for operational purposes.

One means of obtaining global fields is from the
global analyses resulting from assimilation of observed
moisture data into models as part of four-dimensional
data assimilation (4DDA)—see section 2. However,
this can only occur reliably if the moist physics of the
model are realistic; otherwise convective adjustments
and cumulus parameterizations are apt to be activated
changing the moisture field to one that the model is
comfortable with (e.g., see Norquist and Chang 1994).
Together with the representiveness issues for obser-
vations, these factors have led to little attention being
given to moisture fields in the global analyses. The
consequence has been that the moisture fields of both
relative and specific humidity have changed abruptly
every time there is a big change in the 4DDA system,
(Trenberth and Olson 1988b; Trenberth 1992). At the
European Centre for Medium-Range Weather Fore-
casts (ECMWF), changes in zonal mean relative hu-
midities of 20% are common, such as when the T106
spectral model was introduced into the 4DDA system
on 1 May 1985 (Fig. 1). Major changes also occurred
with the introduction of changes in the model physics
on 2 May 1989 and 4 August 1993. Most of the main
features in Fig. 1 are also spurious and can be identified
with system changes, although at times the effects are
seen more at other levels (see Trenberth 1992). Because
moisture transport in the Tropics is so dependent on
the divergent part of the wind field, which has also
undergone major changes with time, Fig. 1 also presents
the changes in the zonal mean Hadley circulation, as
given by the meridional wind at 1.4°S. Note the weak-
ness of the Hadley Cell in the early years of operations
(1980 to 1982), after which the annual cycle becomes
evident, although with the upper branch of the Hadley
Cell continuing to strengthen and expand in vertical
extent with time with each model change.

An evaluation and comparison of National Mete-
orological Center (NMC) and ECMWF analyses per-
formed by Trenberth and Olson (1988a,b) dealt with
the global analyses through 1986. A purpose of this
paper is to carry the comparison through 1993, with a
special focus on moisture and the moisture budget,
with the latter represented by evaporation E minus
precipitation P computed as a residual from the large-
scale atmospheric transports. Previously, Rosen and
Salstein (1980) revealed serious problems in NMC’s
operational moisture analyses using NMC'’s first global
4DDA system, and Rosen and Saistein (1985) found
little improvement when they compared NMC and
ECMWF moisture fields for 1983. We also include
some results from the newly available “reanalysis” by
NASA /Goddard (Schubert et al. 1993).

The focus is on an evaluation of the analyses as the
“best” depiction of what occurs in the real world. It is
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FIG. 1. From ECMWF analyses. (a) Latitude-time section of
monthly mean relative humidity zonal mean, departures from the
mean annual cycle for May 1985 to April 1989 at 700 mb in percent.
The contour interval is 5% and negative departures are shaded. (b)
Variations in the upper and lower branches of the Hadley circulation
are revealed by the height-time section of monthly mean zonal mean

« meridional wind at 1.4°S. The contour interval is 0.5 m s™!, the zero

contour is omitted, values greater than 1 m s™! are stippled, and
values less than —1 m s~ are hatched.

not the main purpose to evaluate the assimilating
model and the E and P from these models; however,
we make use of some of these fields to clarify the dom-
inant processes, and the results do have implications
for the models. The models are imperfect, and the
model content of the analyses depends on the data
availability. However, the analyses include an analysis
increment (or innovation, which is the observation
minus background forecast), which should bring the
analyses closer to the truth in regions of ample data.
Short-term model integrations are often used to provide
estimates of £ and P, but most models are plagued by
a spinup of the hydrological cycle so that the results
are not very useful [e.g., Trenberth (1992) presents
results for ECMWF and how the spinup has changed
with time]. Instead, in these models, values may be
taken for intervals as much as 36 h into the forecast
to allow transients to die away, but then the model
influence is much greater. The incremental analysis
update procedure used by NASA /Goddard greatly re-
duces the initial imbalances and spinup (Schubert et
al. 1993), making the E and P estimates from short-
term integrations more representative.

The technique for deducing E — P as a residual has
a long history, although usually by making use of ra-
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winsonde data rather than global analyses. The results
of many of these studies are encapsulated by the review
of Peixoto and Oort (1983; see also Savijiarvi 1988).
Most previous studies have not properly accounted for
variations in surface pressure p,, as discussed in Tren-
berth (1991). Recent examples using global analyses
are by Roads et al. (1992, 1994) for NMC data and
Oki et al. (1993) for ECMWEF data.

It has been suggested that the global atmospheric
analyses may have too low horizontal and vertical res-
olution to properly represent small-scale hydrological
processes (Mo and Rasmusson 1990). For example, a
nocturnal low-level jet confined to the lowest kilometer
of the atmosphere as part of a strong diurnal variation
has been shown to play a leading role in the moisture
budget of the United States through the strong moisture
transport into the Great Plains across the Gulf Coast
(Helfand and Schubert 1995). A key question to be
addressed is the extent to which horizontal and vertical
resolutions in the analyses are an issue versus the ability
of the model used in 4DDA to adequately depict the
moist processes.

The large number of datasets used in this study are
introduced in section 2. Section 3 describes the meth-
odology, and a number of test computations for one
month of precipitable water and E — P are described
in section 4. These include tests for vertical and hori-
zontal resolution, initialization, twice versus four-times
daily data, model versus pressure-level archives, and
the source of the data. For 1987 to 1993 the precipitable
water comparisons among the ECMWF and NMC
analyses and the analyses over the ocean from two dif-
ferent SSM /1 algorithms, which are taken to be close
to the “truth,” are described in section 5. Section 6
describes the comparisons among the £ — P estimates
and includes a discussion of E and P separately from
the NASA /Goddard archive as well, with some mea-
sure of “truth” coming from the precipitation fields as
provided by the Global Precipitation Climatology
Project (GPCP) (Arkin and Xie 1994). The conclu-
sions are given in section 7.

2. Datasets

Global analyses are produced using 4DDA in which
multivariate observed data are combined with the “first
guess” using a statistically optimum scheme. The first
guess is the best estimate of the current state of the
atmosphere from previous analyses produced using a
numerical weather prediction (NWP) model.

The global atmospheric analyses produced as a result
of 4DDA operationally consist of global fields of
northward and eastward wind components (u, v),
geopotential height (z), temperature ( T'), and relative
humidity (RH), or, equivalently, specific humidity (q)
as a function of pressure (p). The w (= vertical p-
velocity) fields are produced diagnostically from the
equation of continuity. In recent times, these quantities
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have been analyzed on the levels of the NWP model
used in the 4DDA to provide the first guess for the
analyses. Generally, these are ¢ levels where o = (p
— Do)/ (ps — Po), where p; is defined on the model
surface topography, and p, = 0 for most cases but p,
= 10 mb for the NASA /Goddard model. Alternatively,
a hybrid between ¢ and pressure coordinates that typ-
ically reverts to constant pressure above about 100 mb
is used. Analyzed fields on standard constant pressure
levels are produced by interpolation of the changes in
the analysis from one synoptic observation time to the
next (after November 1984 at ECMWF), though the
details as to how this has been done have changed with
time. Once the fields have been analyzed, they are typ-
ically initialized to bring the mass and temperature
fields into a dynamical balance with the velocity fields
consistent with the predominant low-frequency mo-
tions in the atmosphere.

It must be emphasized that the operational analyses
are performed under time constraints for weather fore-
casting purposes and not for climate purposes. Changes
in the NWP model, data-handling techniques, initial-
ization, and so on, which are implemented to improve
the weather forecasts, disrupt the continuity of the
analyses ( Trenberth and Olson 1988b; Trenberth 1992)
and impact the moisture fields (Fig. 1).

Several 4DDA datasets have been used, and a sum-
mary of their characteristics is given in Table 1. From
ECMWEF, three datasets are described by Trenberth
(1992). The WMO archive from ECMWEF consists of
seven levels (1000, 850, 700, 500, 300, 200, and 100
mb), is initialized, and covers 1980 to 1989. Two ver-
sions of the ECMWF TOGA-WCRP archive exist at
NCAR. Both begin in 1985 and are uninitialized; one
is from twice-daily data on a 2.5° grid, while the other
is four-times daily at T106 resolution. In this notation
the “T” refers to triangular truncation at 106 wave-
numbers using a spherical harmonic representation.
These latter two have analyses at 14 or 15 levels (1000,
925, 850, 700, 500, 400, 300, 250, 200, 150, 100, 70,
50, 30, 10 mb). The 925-mb level became available
only from January 1992. All fields are truncated to
T42 for processing (Trenberth and Solomon 1993),
and a description and evaluation of the ECMWF anal-
yses is given by Trenberth (1992).

An additional dataset from ECMWEF is available to
us consisting of initialized model level data for one
year: July 1990-June 1991. The hybrid-level scheme
at ECMWEF is described by Simmons and Burridge
(1981) and Simmons and Striifing (1983), and there
are 19 model levels available, with five levels below
about 850 mb that should help resolve features im-
portant for the moisture budget. In addition, as the
bottom coordinate corresponds to p = p;, there is no
error in computing vertical integrals, although errors
are still present from the envelope orography and the
discrepancy between the earth’s surface and that de-
picted in the model, as described below. These data
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T/.aBLE 1: Summary characteristics of the 4DDA datasets used. Given are the source of the datasets, the horizontal resolution of the
archive (latitude-longitude or spectral), the number of vertical layers, whether initialized or not, the number of analyses per day, whether
the p, was recomputed or from the archive, and whether the surface corresponds to a reasonable representation of the real surface or enhanced

orography.
Vertical Number

Source Horizontal resolution layers Initialized daily Ds source Surface
ECMWF/WMO 25X25 7 Y 2 computed real
ECMWF/WCRP 2.5X25 14/15° N 2 computed real
ECMWF/WC RP T106 14/15* N 4 computed real/envelope®
ECMWF/hybrid T106 19 Y 4 archive envelope
NMC 2.5X25 12 Y/N°¢ 2 computed real
NASA/Goddard 20X%X25 20 N 4 archive real

2 15 levels after January 1992,

b Real surface for precipitable water but modified envelope for E — P.

¢ Not after 25 June 1991.

have been analyzed at full T106 resolution as well as
at T42 truncation to determine the effects of the change
to lower resolution. This is especially an issue in model
coordinates because a change in horizontal resolution
is not well defined since the vertical coordinate also
changes in the process (Trenberth et al. 1993; Tren-
berth 1995). In forming time means with these data,
variables are weighted with the layer thickness to pro-
vide the appropriate mass weighting for vertical inte-
grals to be exact, as described by Trenberth et al.
(1993). .

For NMC, the analyses are twice daily at 12 levels
(1000, 850, 700, 500, 400, 300, 250, 200, 150, 100,
70, 50 mb) on a 2.5° grid. The temperature archived
by NMC is virtual temperature, but temperatures at

each time have been computed from the available .

fields. NMC sets RH to zero above 300 mb; therefore
the temperature at those levels is unchanged. Missing
data have been replaced with ECMWF analyses (in
1987 this was for 35 times, and since then it has av-
eraged nine times per year). All data were interpolated
to a T42 grid for processing. An evaluation of earlier
NMC data and a comparison with ECMWF data was
described by Trenberth and Olson (1988a,b).

Fields of surface pressure p, were derived for all
pressure-level datasets using real mean topography at
T42 resolution using methods given in Trenberth
(1992). This field is not spectrally truncated. The hy-
drostatic relation is used if p, > 1000 mb; otherwise
interpolation using the geopotential heights is used. The
ECMWEF analyses .include a “surface” pressure field
but it does not correspond to the pressure at the real
surface of the earth. It is the surface pressure of the
model topography, which includes an enhancement as
so-called envelope orography. For precipitable water,
we used our computed value of p; as the lower bound-
ary, thereby making use of the extrapolated moisture
values below ground. This is done by extrapolating
temperatures below ground using an assigned lapse rate
and the surface relative humidity to compute a specific
humidity (Trenberth et al. 1993). For the ECMWF

moisture budget, however, a modified version of the
ECMWF-archived p, was used. A mean difference be-
tween ECMWF and real p, was computed and used to
adjust the computed p,. In this way, spectral Gibbs
phenomenon ringing effects from the lower resolution
are avoided. For 1985 to 1991 the mean p, from
ECMWF was ~5 mb lower globally (or 17 mb lower
over land) than we computed because of envelope
orography. Prior to 6 March 1991 NMC also had an
enhanced “silhouette” orography, but mean orography
has been used since then. However, because there is
no archive of the p, from NMC available, we used our
calculated values throughout for both the precipitable
water and the moisture budget.

Monthly mean fields of several quantities are also
examined from the recent reanalysis by NASA /God-
dard (Schubert et al. 1993); see Table 1 for details.
Precipitable water is produced from model levels and
evaporation and precipitation are accumulated from
the NWP model over 3-h increments. The reanalysis
covers March 1985 to February 1990, but we have ex-
amined data only from 1987 to 1989.

To evaluate the precipitable water over the oceans,
we have made use of two sets of monthly mean gridded
fields that employ different physically based algorithms
applied to SSM/I data from Wentz (see Liu et al. 1992)
for July 1987 to June 1991 and from Greenwald and
Stephens (hereafter GS; see Greenwald et al. 1993)
from July 1987 to December 1991. The former were
originally on a 1° grid and the latter on a 2.5° grid. To
transform the fields to a T42 grid, an artificial field was
first created over land using linear interpolation in the
east-west direction, and then values were interpolated
to the appropriate Gaussian grid and transformed into
spectral space for truncation at T42. Extensive vali-
dation of the SSM /I fields by Liu et al. (1992) for the
Wentz algorithm prompts us to take these as a measure
of the truth. Soden and Bretherton (1994) have com-
pared SSM /1 precipitable water for brief periods with
ECMWEF analyses and other model simulations and
cite uncertainties in the satellite product of 2-3 kg m™2.
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For precipitation, new global fields becoming avail-
able from the GPCP project (Arkin and Xie 1994)
consist of a combination of rain gauge data over land
and several satellite algorithms over the ocean. It is not
the purpose here to explore the accuracy of these fields,
but they are regarded as independent measures of P
that are useful for evaluating the E — P fields from the
other sources because the dominant spatial and tem-
poral variability in £ — P originates in P, not E, as
will be discussed.

3. Methodology
a. Moisture budget
In the following, use will be made of the equation

of state, the hydrostatic equation, and the equation of
continuity:
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The equation for conservation of water vapor is

94

dq
tv-Vg+tw—=e—c,
Y v-Vgq wap c

(3)
where e is the rate of reevaporation of cloud and rain-
water and c is the rate of condensation per unit mass,
which together produce the precipitation rate. The role
of liquid water in the atmosphere is ignored. Multiply-
ing (3) by L, the latent heat of vaporization for water
gives the latent heat released through evaporation and
condensation (; (Yanai et al. 1973). L(e — ¢) = —Q,
or, using (1), (3) can be expressed in flux form as

dq

i)
+V- — =e-c.
3 qv+apqw e—c¢ (4)

Using the generic relationships for any 4

.| Ds Ds o4 ap
— | Adp=| —dp+A4,—= (5a)
V.v+a_w= . (1) atJo o Ot )]
op
The vertical mass-weighted integral of the speci- ps b
fic humidity, g is the precipitable water w given v o Avdp = V- dvdp + Av;-Vp;  (5b)
by
© 1 (7 s 3Aw ap
w= gpd. =—f dp. 2 —dp=Aw, = A, = + v.-Vp,|. (5¢
L g 0 q ( ) 0 ap p sWs 5 at s pS ( )
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FIG. 2. Results of the tests on precipitable water for May 1988 in kg m™2 (= mm). At left are the zonal mean biases
and at right the zonal mean rms differences around each latitude circle, where the fields were truncated to T31 before
computing the values. In order from top to bottom are NMC-ECMWF, twice versus four times daily, initialized versus
uninitialized, 7 versus 14 levels, and 7 versus 20 levels, where the latter uses relative humidity instead of specific

humidity for vertical interpolation.
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HIG. 3. Results of the tests on E — P for May 1988 multiplied by L so that the units are W m™2 (divide by 29 to get mm
day™). At left are the zonal mean biases and at right the zonal mean rms differences at T31 resolution around each latitude
circle. In order from top to bottom are NMC-ECMWF, twice versus four times daily, initialized versus uninitialized, 7 versus
14 levels, and 7 versus 20 levels, where the latter uses relative humidity instead of specific humidity for vertical interpolation.

Equation (4) may be vertically integrated to produce

Ps
Myv.t
ot gvJo

where F is the evaporation from the surface and P is
the precipitation. In practice all the velocity fields are
adjusted first so that the dry mass budget is satisfied
(Trenberth 1991).

Over an annual cycle, the change in storage of mois-
ture in the atmosphere is small. Over land, because
there is a net runoff in streams, the precipitation must
exceed the evaporation, so that E' — P should be neg-
ative on average. This constraint provides a weak check
on any diagnostic results, although one which is typi-
cally not satisfied at all well, such as in the results of
Peixoto and Oort (1983). More detailed constraints
can be included where information exists on the actual
runoff (e.g., Oki et al. 1993; Roads et al. 1994).

The first term in (6) is small for monthly or longer
time averages so that it is the divergence of the vertically
integrated atmospheric moisture flux that determines
the net freshwater exchange with the surface. The
moisture divergence can be written as

V.gv=¢qV-v+v,Vg, (7)

qvdp=E — P, (6)

so that it can be broken up into contributions that
depend mostly on the mass divergence in the lower
atmosphere (where q is large ) and horizontal advection
by the divergent component of the wind (vy), which
depends on gradients of g.

b. Mean fields

We define an overbar to be a finite time average and
a prime to denote the departure from that mean, so
that, for instance, u = # + «’. Thus 7 = 1/NZ¥, u;,
where there are N individual values u; in the mean.
Accordingly, covariances, such as between v and ¢,
which give the moisture flux, can be expressed as vgq
= vgq + v'q’'. Thus, when time averages are taken, the
moisture flux can be divided into the mean and tran-
sient components.

All the mean and transient terms have been evalu-
ated for use in both the time mean of (3) and (6) for
individual months, and the results averaged to give the
annual mean. Trenberth and Solomon (1994 ) present
results for January, July, and the annual mean for 1988.
The tendency term is small but has been included in
each monthly mean calculation.

¢. Vertical integrals

Although not required in (6), we have found by
changing the number of p levels used that for any 4,
the d4/9dp terms are better evaluated in finite-difference
form in Inp coordinates as (1/p)(dA4/d Inp) using cen-
tered differences wherev%r possible. Then the vertical
integral becomes (1/g) [y Adp = (1/g) [y pAdInp.

In most cases the vertical integral is simply per-
formed using values of g for the relevant pressure layer
using a trapezoidal integration. In the global pressure
analyses archive the vertical resolution in the boundary
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FI1G. 4. Results of tests on E — P for May 1988 in millimeters per
day, where the g fields from ECMWF were combined with the velocity

fields from NMC and vice versa compared with the ECMWF fields ‘

as rms differences at T31 resolution around each latitude circle.

layer, where most of the moisture is contained in the
atmosphere, is poor. For g, this is especially critical as
values fall off very rapidly and nonlinearly with height.
On the other hand, the relative humidity RH is more
uniform with height and is the preferred analysis quan-
tity. Accordingly, in one case the working grid is
changed from the coarse analysis levels 1000, 850, 700
mb . . .to a SO-mb layer thickness to which the RH,
T, w, and velocity fields are linearly interpolated in
Inp, and then g is calculated at these 20 levels at each
time prior to computing monthly mean statistics. This
is considered the most accurate calculation possible
from the seven pressure levels of original information
and is referred to as the “20 level” case.

4. Test computations

A number of tests have been made to determine the
effects of different assumptions in the processing. Be-
cause the WMO archive from ECMWEF consists of only
seven levels and is initialized, while 14 or 15 levels of
uninitialized analyses exist in the other archives either
twice- or four-times daily, we assess the effects on pre-
cipitable water and the overall moisture budget as given
by E— Pof

(i) 7-level versus 14-level data,

(ii) 7-level versus 20-level data,

(iii) initialized versus uninitialized data,

(iv) 2-times versus 4-times daily data,

(v) the source of the data, ECMWF versus NMC,
using seven common levels.

All these tests were performed for May 1988. In ad-
dition we have assessed the impact of adding the 925-
mb level to the dataset as a 15th level after January
1992,
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The use of the full 19 model-level dataset at T106
resolution provides a check on the best calculations
possible from ECMWF, and we compare with results
achieved when the data are first truncated at T42 and
with the results of the pressure-level calculations for
July 1990 and January 1991. This also provides a check
on the extent to which horizontal resolution may be
an issue in these kinds of diagnostics.

Figure 2 presents the results of the tests for precip-
itable water for May 1988. At left is shown the bias in
the zonal mean and at right is the root-mean-square
difference around each latitude circle. The datasets were
first truncated to T31 to ensure that the rms differences

January 1991 E-P

Smoothed to T31 computed at T106 on model surfaces
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FIG. 5. For January 1991 E — P from ECMWF computed at T106
resolution in model coordinates with final results truncated at T31,
contour interval 3 mm day™! (top); differences when all fields are
first truncated at T42 (T106-T42) at T31 resolution, contour interval
0.25 mm day™! (middle); and differences when the 14-level p archive
is used, contour interval 1 mm day™! (bottom). Negative values are
shaded (top) or dashed, and the zero contour is omitted from the
lower two panels.
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FIG. 6. The total precipitable water from ECMWF, NMC, and the
Wentz SSM/I algorithm for January 1991. Values greater than 50
mm are stippled and the contour interval is 5 mm.

were not just on very small scales. For precipitable wa-
ter initialization has no impact, not surprisingly. A
small bias exists when 7 versus 14 levels are used in
spite of the fact that the same levels are used in the
lower half of the troposphere. When the 15th 925-mb
level is added, a further small bias is revealed, and the
global mean precipitable water is reduced by 0.15 mm.
The bias is much larger in the 7- versus 20-level com-
parison showing that the use of specific humidity in
place of relative humidity for vertical interpolation—
integration leads to an overestimate of precipitable wa-
ter. Not unexpectedly, differences from using 2-times
versus 4-times daily data are more regional and the
differences are' ~0.5 mm throughout the Tropics. All
these differences are small compared with the NMC-
ECMWEF bias and rms differences, which are typically
3 to 4 mm throughout the Tropics.
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The results from the same tests for £ — P (Fig. 3)
show that some of the systematic biases in total mois-
ture have little impact, while other effects come into
play, evidently because of the impact of the tests on
the velocity field. In Fig. 3 the differences have been
multiplied by L to give units of watts per squared meter,
but these can be converted to millimeters per day by
dividing by 29. Differences using 7 versus 14 or 20
levels are quite small. However, in contrast to Fig. 2,
initialization has a noticeable effect because of the
change in the divergence field, and the diurnal cycle
emerges as very significant regionally, as seen by the
2- versus 4-times daily rms differences in £ — P of 1-
2 mm day ~'. For May 1988 differences between NMC
and ECMWF are typically 3 to 4 mm day™' in the
Tropics, which is almost as large as the quantity itself.
This aspect is pursued further for all months below.

Tests were also run for May 1988 where the moisture
fields from NMC and ECMWF were switched and
merged with the velocity fields from the other center;
E — P was then computed to assess the extent to which
the differences arose from g and w versus differences
in moisture transport and divergence, as given in (7).
The results are summarized in Fig. 4, and it is clear
that it is the differences in vy, and especially V - v, that
is the primary source of the differences in E — Pin the
Tropics. In the extratropics, the differences arise
roughly equally from discrepancies in both winds and
moisture.

ECMWF - January
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FIG. 7. The standard deviation of w from 1987 to 1993 (7 yr) from
ECMWEF for January and July. Values greater than 3 mm are hatched
and the contour interval is 1.5 mm.
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Calculations with the full 19 model levels at T106
resolution show that very little is lost in £ — P on the
scales larger than T31 when the fields are first truncated
at T42. Note that we have not included a comparison
for precipitable water because of the disparity in the p,
fields. The E — P results are illustrated for January
1991 in Fig. 5, which presents the results using the 19
level-model-coordinate data computation at T106 res-
olution with the final result truncated at T31. Also
shown are the differences when all the fields, including
the surface pressure, are first truncated at T42 and the
differences when the computation is performed using
the 14-level pressure archive. For convenience, none
of these computations included the tendency term.

The result using T42 data differs by very small
amounts from T106. Of course there are many very
small-scale differences, but when truncated at T31, the
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FI1G. 9. For January 1991, the Zonal mean and rms differences
ECMWF-SSM/I (Wentz), NMC-SSM/I (Wentz), ECMWF-NMC,
and Wentz-GS SSM/I as a function of latitude, where the differences
are computed only over the common regions.

differences range from 1.6 to —2.8 mm day ~' and with
largest values in the immediate vicinity of the Andes
and clearly associated with the topography. Evidently
the change in p, to lower resolution is a big factor in
this area. Away from the Andes, largest differences are
also found in association with steep topography in
Central America, New Guinea, and the Ethiopian
highlands, but all differences are small in scale, quite
local, and less than 1 mm day~' (rms differences
around a latitude circle are ~0.2 mm day ™! from 40°N
to 20°S). In July (not shown) differences are similar
in magnitude, but in this season, as well as large dif-
ferences in the proximity of the Andes, differences are
also large in the Himalayan-Tibetan Plateau complex
region. This result of relatively small and localized dif-
ferences contrasts with the result of a similar compar-
ison but for the heat budget (Trenberth et al. 1993;
Trenberth 1995); however, the latter was evaluated lo-
cally in the vertical and it turns out that the greatest
discrepancies arise from the vertical advection terms,
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FI1G. 10. The latitude-time sequence of the zonal ocean means of
the Wentz and GS SSM/I w in mm, with the percentage of the latitude
circle covered given at right.

which are avoided when the vertical integral is com-
puted [see (4) to (6)].

Differences with the computations made in p co-
ordinates (Fig. 5) for the same months reveal localized
differences of up to 4 mm day !, although more typical
differences are less than 1 mm day ™' (rms differences
~0.9 mm day~! in the Tropics). In this case, there is
no obvious relation between the discrepancy and either
steep topography or E — P itself, although largest dif-
ferences are over land. The same is true in July (not
shown ). Because of the vertical interpolation and lim-
ited number of levels, vertical resolution at low levels
is the most likely source of these discrepancies.

An important conclusion from these experiments is
that the horizontal resolution of the data is very im-
portant locally in the vicinity of steep orography, but
it is not a big factor on large scales even where steep
gradients exist in precipitation. Rather, the sources of
any problems that exist (as shown further later) are in
the large-scale analyzed fields of moisture and diver-
gence themselves. Moreover, the general patterns can
be captured quite well with analyses in p coordinates,
although high resolution at low levels and proper treat-
ment of p; is vital for reliable results.

For the other months from 1987 to 1993, in view
of the small impact of the method of vertical inter-
polation on the moisture budget, calculations were
performed using ¢ and all the available levels (14 or
15 from ECMWF, 12 from NMC) to make the best
computation possible from each dataset.

5. Precipitable water comparisons

Precipitable water amounts from the Wentz algo-
rithm have been extensively compared with radiosonde
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data and ECMWF analyses for July 1987 to July 1989
by Liu et al. (1992). That effort served to validate the
SSM/I product while indicating areas of bias in the
ECMWEF analyses. Our results replicate those for the
common period, but we update the comparison with
more recent data and provide a longer-term perspective
as a prelude to examining the moisture budget. In ad-
dition, we include the NMC and NASA /Goddard
analyses in the comparison and the alternative GS
SSM/I algorithm as a measure of uncertainty in the
SSM /1 product. The NASA /Goddard analyses are in-
cluded in only limited ways and are not available for
January 1991, featured below.

Figure 6 shows the total precipitable water from
ECMWF, NMC, and the Wentz SSM /I algorithm for
January 1991 (the most recent January available for
SSM/I). The SSM/I data are available only over ocean
regions. Qualitatively the fields are all quite similar,
but there are quantitative differences. As a rough mea-
sure of the importance of real differences, the standard
deviation of w from 1987 to 1993 (7 yr) from ECMWF
for January and July is given in Fig. 7. Values exceed
3 mm throughout much of the Tropics. While part of
the variability is spurious and arises from the analysis
system changes, most of what is seen here is probably
real and a substantial fraction is associated with changes
in sea surface temperatures (SSTs), such as from ENSO
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F1G. 12, The latitude~time sequence of the rms zonal ocean dif-
ferences between ECMWF and SSM/I(Wentz) (top) and NMC and
SSM/I(Wentz) w in millimeters. Values greater than 5 mm are stip-
pled.

events. The standard deviation of w is similar in mag-
nitude, although differing in spatial detail, for NMC.

Overall, the differences between w from the two
SSM/I algorithms are relatively small, and so only
the differences ECMWF — SSM/I(Wentz), NMC
~ SSM/I(Wentz), ECMWF — NMC, and Wentz
— GS SSM/I are presented, although all results are
summarized as zonal mean statistics later. For January
1991, the difference maps are given in Fig. 8, and Fig.
9 presents the zonal mean and rms differences as a
function of latitude, where the differences are computed
only over the common regions. The Wentz — GS SSM/
I w zonal mean differences are 1-2 mm, with Wentz
values higher from 10°N-50°S but lower north of
20°N. From 30°N-45°S all the other differences are
typically much larger, 3 to 5 mm. Largest differences
occur with the ECMWEF analyses over the subtropical
oceans, especially in the stratocumulus region off the
west coast of South America.

Figure 10 presents the latitude-time sequence of the
zonal ocean means of the Wentz and GS data, with
the percentage of the latitude circle covered given at
right. As was seen in Fig. 9, differences are most readily
and consistently seen along the equator and at polar
latitudes. Much larger differences, however, are gen-
erally found with ECMWF and NMC w (Fig. 11) and
for the rms differences (Fig. 12). Changes with time
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in both differences are believed to result mainly from
the multitude of changes in the ECMWF and NMC
analysis systems. Because the SSM/I data were from
a single satellite for the period of interest, changes from
this source are believed to be small. These figures give
a perspective on the January 1991 patterns presented
earlier as being fairly typical. If anything, discrepancies
with ECMWF were larger in the subtropics in earlier
years. Note the positive biases in the subtropics and
the negative biases in the intertropical convergence
zone (ITCZ) regions in both analyses.

Correlations between ECMWF and Wentz values
for all data, including the annual cycle, are shown in
the top of Fig. 13. Aside from polar regions, the lowest
correlation is at 15°S, 100°W and the time series for
this point from ECMWEF, GS, and Wentz are shown
in the lower part of the figure. The mean ECMWF
values in 1985 are much closer to the subsequent
SSM /I values up until the time of the introduction of
TOVS data into the analyses in early 1986. The bias
of 10 mm or so was reduced by only a small amount
in 1990, perhaps in association with changes in the
4DDA model evaporation at low wind speeds.

The large biases in the subtropics and especially in
the region off South America were also found by Liu
et al. (1992). These areas are essentially free from any

SSMI (Wentz) -ECMWF correlation coefficients
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FIG. 13. Correlations between ECMWF and SSM/I(Wentz) w for
all data including the annual cycle (top). Values greater than 0.9 are
hatched. Time series at 15°S 100°W from ECMWF, SSM/I(GS),
and SSM/I(Wentz) (bottom),
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conventional data, and the only source of information
to the analyses is from the NWP model.and TOVS
satellite data. Wittemeyer and Vonder Haar (1994)
evaluated the TOVS water vapor information and note
the weaknesses of the TOVS w data in areas of cloud
where data cannot be collected and that the “first guess”
in the retrieval process is from land-based rawinsondes
that are therefore biased over the oceans. They con-
clude that TOVS w are overestimated in dry subtropical
high pressure cells by comparing with SSM/I data.
Note that ECMWEF has recently abandoned use of the’
TOVS retrievals and instead is using the radiance data,
or strictly speaking TOVS brightness temperatures, di-
rectly in a variational analysis (Eyre et al. 1993).

We have also compared the Wentz SSM/I data for
w with values from the NASA /Goddard reanalysis for
July 1987 through 1989 (not shown). The NASA/
Goddard analyses exhibit a distinctive dry bias, es-
pecially in the summer hemisphere. In July over the
oceans the dry bias is about 2 to 6 mm over the North-
ern Hemisphere, and in January the dry bias exceeds
6 mm in the equatorial regions and is present from
10°N to 45°S. Values are especially low in the ITCZ
in the NASA /Goddard analyses, and overall rms dif-
ferences are larger than with NMC or ECMWEF in the
Tropics. The distinctive pattern of bias associated with
the TOVS soundings is not present in the NASA /God-
dard analyses.
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The full NMC and ECMWF latitude-time series for
the whole globe (not just oceans) is given in Fig. 14,
and the differences (zonal mean and rms) are given in
Fig: 15. In the Tropics both analyses have become drier
with time, and the NMC analysis became much drier
in early 1991 in association with the introduction of
the T126 model in the 4DDA system (6 March 1991)
and the Spectral Statistical Interpolation (SSI) analysis
system (25 June 1991). As indicated in Fig. 11, relative
to the SSM/I, these changes made the analyses much
worse. However, the NMC and ECMWF zonal mean
analyses became more similar again in 1992 as the
ECMWEF analyses underwent a drying in June 1992
when the SYNOP humidity data were rejected specif-
ically “to reduce excessive convective precipitation in
short and early medium-range forecasts,” to quote the
September 1992 ECMWF Newsletter. The biggest ef-
fects of this change were found over the tropical con-
tinents of South America and Africa in the very low
troposphere. There is no reason to believe that this
change was an improvement in the analyses, although
it alleviated some problems in generating the forecast.

Relative to the short climatology for 1987 to 1991
from SSM/I(Wentz), the January 1993 ECMWF
analysis (not shown ) contains negative biases through-
out the tropical convergence zones of 4 to 16 mm,
while the positive bias remains off South America and
in the subtropical highs. In fact the ECMWF analyses
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FIG. 15. NMC and ECMWF latitude-time series of zonal mean
and rms w differences (mm). Negative values are hatched (top) and
values greater than 4 mm are stippled in the lower panel.
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are drier than NMC in the deep Tropics. In July 1993,
the negative tropical bias (not shown) is not so large
(1 to 8 mm), but the positive subtropical bias is some-
what larger (typically 4 to 8 mm). There is no indi-
cation in the period we have examined that the analyses
from either center are becoming closer to the “truth”
as given by the SSM/I fields.

6. Evaporation—precipitation budget comparisons

The moisture budget comparison is restricted to the
residual £ — P estimates. An examination of the
monthly mean E and P fields for 1987 to 1989 from
the NASA /Goddard reanalysis reveals that standard
deviations of the monthly means for the Tropics and
subtropics are typically 0.5 mm day ™' for E over ex-
tensive areas, but several millimeters per day for P over
only those areas where the tropical convergence zones
and monsoon rains are active. Mean values of E exhibit
much less spatial structure than P and average about
3 to 5 mm day~! over most of the Tropics and sub-
tropics (Fig. 16). It is clear that E — P temporal
monthly variability is dominated by variations in lo-
cation and intensity of rainfall and that the spatial
structure in E — P is also dominated by the P field.

As well as showing the E and P fields from NASA/
Goddard for July 1988, Fig. 16 presents E — P from

Evaporation
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the residual calculation using ECMWF analyses and
the P field from the GPCP data. These will be discussed
further below as the characteristics of the E — P fields
are identified from NMC and ECMWF.

Figure 17 presents the zonal mean E — P from both
ECMWF and NMC as a function of latitude and time
from 1987 to 1993. Note the strengthening in the excess
of P in the deep Tropics after May 1989 for ECMWEF,
corresponding to the model change at that time (cf.
Fig. 1) to peak values in excess of 6 mm day ' for P
— E, values larger than indicated for NMC. The dif-
ferences (Fig. 18) are seen to be up to 3 mm day ™! for
the zonal means in the tropical convergence zone and
typically 3 to 5 mm day ™! in an rms sense.

To see where these differences are coming from, the
total fields are presented for January and July 1993
along with differences in Figs. 19 and 20 at T31 reso-
lution. This reveals the tendency for somewhat stronger
and more localized values in the ECMWEF results, so
that the differences tend to be quite spotty. Thus, al-
though the very broad-scale patterns of the fields are
quite similar, the localized differences can be very large
in places where heavy rain is indicated in one but not
the other analysis. The summary for these months is
shown in Fig. 21 with both the mean and rms differ-
ences compared with the rms values of the field itself
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FIG. 16. For July 1988 presented are E (top left) and P (top right) from the NASA/Goddard reanalysis, E — P from ECMWF (lower left),
and P from the GPCP project (lower right). All values are in millimeters per day. For E the contour interval is 2 mm day™', and values
exceeding 4 mm day™! are stippled. For P the contour interval is 3 mm day™! and values exceeding 9 mm day™! are stippled. For the E
— P differences the contour interval is 3 mm day™' and values less than —3 mm day™! are stippled.
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FiG. 17. The latitude-time sequence of the zonal mean E — P
from ECMWEF (top) and NMC (bottom). Negative values are hatched
and the contour interval is 2 mm day™".

from ECMWF. The latter may be taken as a measure
of the signal of interest and is typically 4-5 mm day '
in the Tropics, while the rms difference can be consid-
ered as the noise of typically 3 mm day ~'. Thus, the
level of noise is about 60%-75% of the signal in this
field at T31 resolution and has not changed much with
time. In spite of this noise, the fields do have a strong
large-scale resemblance, and we have explored this by
also calculating the rms differences at other resolutions.
For example at T15 truncation, the rms differences
(not shown ) are remarkably close to being one-half of
the rms differences at T31 resolution, that is, ~1.5
mm day ~! in the Tropics and about 30% of the signal.
The annual mean for 1993 for each analysis is pre-
sented in Fig. 22. This year is chosen solely because it
is the most recent available, and the annual mean is
of interest because by neglecting changes in atmo-
spheric storage (which can be considered small), an
assessment can be made over land as to whether the
constraint that P > E is satisfied in most places (the
possible exceptions being places with sources of ground
moisture such as lakes or rivers). Clearly there are large
areas over Africa and southern Asia and parts of Aus-
tralia and South America where even this modest con-
straint is violated by both analyses. The stronger pre-
cipitation in the tropical convergence zones is seen in
the ECMWEF analyses and is associated with the stron-
ger low-level convergence and divergent circulation that
occurred after the May 1989 changes (Fig. 1).
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Overall correlation coefficients between the monthly
mean NMC and ECMWEF time series from January
1987 to December 1993 with the annual cycle included
(not shown ) exceed 0.8 mostly from 30° to 80°N and
over the subtropical oceans of the Southern Hemi-
sphere, but they are often less than 0.3 in the Tropics,
throughout Africa and South America, and over Ant-
arctica. Correlations are also low over the Rocky
Mountain and Himalayan regions. Thus, the areas of
largest discrepancies can be identified as areas of sig-
nificant topography and regions of poor data coverage.

We now return to an overall evaluation of the E
— P fields by making use of the E and P fields, such as
shown in Fig. 16, and for the other months in 1987
and 1988 for which we have P fields from the GPCP
and NASA /Goddard analyses. We first made a direct
qualitative comparison between the GPCP and NASA /
Goddard P fields and then compared E — P from
NASA /Goddard, NMC, and ECMWF. All fields were
first truncated at T31. While we treat the GPCP as a
form of “truth,” we note a problem feature over Ant-
arctica where p exceeds 6 mm day~'! We do not present
the NMC results, and it is important to note that the
characteristics of both ECMWF and NMC analyses
are quite different in 1987-1988 than shown in Figs.
19, 20, and 22 for recent years. Prior to 1989 the
ECMWEF rainfall was not so intense, while the NMC
fields were considerably more intense and featured
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FI1G. 19. E — P for January 1993 at T31 resolution from ECMWF
(top), NMC (middle), and their difference ECMWF-NMC (bottom).
Negative values are hatched and the contour interval is 3 mm day™.

stronger bullseye features. For the ECMWF E — P field
in Fig. 16, the stippled region is selected to correspond
very roughly with the stippled regions in the panels for
P alone.

The wintertime Northern Hemisphere storm track
is very well depicted in the NASA /Goddard analyses
(not shown), although the storm track is a bit weak in
the Southern Hemisphere. However, in the northern
summer, the rainfall maximum off of Japan is largely
absent in the NASA /Goddard analyses (Fig. 16), al-
though very well represented in the NMC and ECMWF
analyses. In the Tropics there is far too much precip-
itation implied in all three analyses over land in Central
America, and this tends to be the case also over south-
ern Asia and over the Ethiopian highlands for NMC
and ECMWF. The NASA /Goddard ITCZ is much too
weak in both the Atlantic and the Pacific, and the im-
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plied P values in the NMC and ECMWF analyses are
closer to those from GPCP. In general, the NMC fields
in 1987 and 1988 exhibited the strongest features, but
with maxima often in the wrong place and too strong
compared with the GPCP. The NMC fields became
quite a bit weaker, closer in magnitude, and with a
reduced problem in the landlocking of precipitation
after the introduction of the T126 model and SSI sys-
tem in 1991. Subjectively for 1987 and 1988, the
ECMWEF fields look.to be closest to the GPCP, es-
pecially in the northern winter. However, the ECMWF
fields have become much more intense with time (cf.
Fig. 22), and the implication is there would be less
agreement with the GPCP after May 1989. In Fig. 22
it is apparent that the erroneous tendency for too much
landlocked precipitation over Central America is still
present in the most recent analyses at both centers.
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Negative values are hatched and the contour interval is 3 mm day™'.
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7. Discussion and conclusions

We have documented results of tests performed on
the sensitivity of w and E — P to vertical resolution,
diurnal sampling, and several other things. In the
Tropics, the tests have highlighted the dependence of
the moisture budget on the veracity of the velocity field
and specifically on the horizontal divergence. In the
midlatitudes, quasigeostrophic dynamics ensure that
the divergence field is better known, and uncertainties
in the moisture budget stem roughly equally from dis-
crepancies in moisture analyses and the velocity field.
Biases exist in w with vertical resolution, and vertical
interpolation of g rather than RH tends to overestimate
the moisture content of layers. However, the errors are
systematic and do not have much effect on the moisture
budget. Initialization has a substantial effect on the di-
vergence field, as has been well known. It cuts down
on noise but probably also cuts down the magnitude
of the signal, so that it impacts the moisture budget
significantly. The diurnal cycle is not well captured by
twice-daily data, and, while not so important in w, it
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does make significant differences in E — P. Regionally,
such as over the United States in summer, the diurnal
cycle is known to be very important (e.g., Helfand and
Schubert 1995).

With the advent of SSM /I fields that have been val-
idated with radiosonde data (e.g., Liu et al. 1992), an
accepted truth exists for precipitable water over the
oceans that can be used to validate the global analyses
from NMC and ECMWEF. These data are not available
in real time and so are not incorporated into the anal-
yses. Instead TOVS retrievals have been extensively
used, but several evaluations have shown them to be
of limited or even negative value to the analyses (see
Liuet al. 1992; Eyre et al. 1993; Wittmeyer and Vonder
Haar 1994). Large positive biases are evident in the
subtropics and especially in the region off South Amer-
ica in the ECMWF analyses. In several respects the .
NMC and ECMWF analyses are more like each other
than either are like the SSM /1. This may be related to
the 4DDA methods and the underlying models used.
Schmetz and van de Berg (1994) have shown using
the Meteosat water vapor channel that depicts water
vapor in the mid- to upper troposphere that the
ECMWF model 12-24-h forecast fields for July 1992
are slightly too dry in the tropical convergence zone
and significantly too moist in the subtropical regions
over the South Atlantic and northern Africa—conclu-
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FIG. 22. Annual mean E — P for 1993 at T31 resolution from
ECMWEF (top) and NMC (bottom). Negative values are hatched and
the contour interval is 3 mm day™".
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sions compatible with the results of Soden and Breth-
erton (1994). In these regions the precipitable water
above 500 mb in the model is as much as twice that
inferred from satellite. Schmetz and van de Berg (1994 )
also note that these biases are not associated with model
spinup as the same biases are evident for 36-h as with
12-h forecasts. The conclusion is that the analyses tend
to be dominated by the characteristics of the NWP
model climate in the 4DDA and that biases are present
(see also Norquist and Chang 1994). It appears that
insufficient account is taken of the data that are avail-
able and that the 4DDA system is not capable of ex-
ploiting the data because of the inherent incompati-
bility with the NWP-assimilating model.

Calculations with the full 19 model levels at T106
resolution show that very little is lost in E — P on the
scales larger than T31 when the fields are first truncated
at T42. The horizontal resolution of the data is very
important locally in the vicinity of steep orography but
not on large scales. As shown here, the sources of the
problems that exist are in the large-scale analyzed fields
of moisture and divergence themselves, which are in
turn related to the parameterization of moist processes
in the NWP model. We also showed that the general
patterns can be captured quite well with analyses in p
coordinates, although high resolution at low levels and
proper treatment of p; is vital for reliable results.

There is no acknowledged source of “truth” for E
— P. We used the NASA /Goddard reanalyses to show
that variability of E is much less than that of P, so that
the main variations in E — P in both space and time
arise from the P variations. Under the GPCP project,
global fields of precipitation are being assembled, but
their availability is limited to a few months at present.
Nevertheless, indications are that none of the global
analyses produce very reliable results for the moisture
budget at present. The differences between NMC and
ECMWEF are substantial and are traceable mostly to
the continuing differences in the divergent circulation
in the global analyses. Several methods exist for esti-
mating evaporation using spaceborne sensors (e.g., Liu
1988), and it may eventually be worthwhile combining
all the estimates of £, P, and E — P to obtain the best
estimates of these components of the hydrological cycle,
but such an exercise seems premature at this point given
that there are rms discrepancies of 60% to 75% in the
current estimates of E — P at T31 resolution.

The technique of using annual mean E — P from
atmospheric residual calculations and comparing to
runoff has been carried out by Oki et al. (1993) for
each of 35 major river basins for 1985 to 1988 ECMWF
data. They found atmospheric moisture divergence
(i.e., the wrong sign) in seven cases and discrepancies
of up to 5656. For only 23 river basins was the error
within 100%, and the agreement cannot be said to be
good. In fact, our analysis suggests that the agreement
between differing estimates of the atmospheric moisture
convergence over complex terrain is poor. In part, this
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may be because of the treatment of the lower boundary
in the NWP models and the use of envelope orography.
Somewhat better results are achieved over the United
States (Roads et al. 1994), where a very good rawin-
sonde network helps define the moisture transports,
although still not without substantial corrections to the
atmospheric moisture divergence. Over the oceans,
Chen et al. (1994) have used the atmospheric moisture
divergence to estimate the freshwater budget for the
oceans using NMC data for 1979-1992, and they have
found some agreement with oceanic estimates of
Wijffels et al. (1992) but with considerably different
magnitudes.

Activities are underway at NMC and ECMWF to
reanalyze retrospectively the observations based upon
state of the art 4DDA systems at each center. ECMWF
will no longer use envelope orography during that ex-
ercise; however, it is apparent that the recent analysis
systems continue to produce quite different products
for moisture and large-scale atmospheric divergent cir-
culation. Although the prospect may exist for using
SSM/I data in the future and ECMWF does plan to
use a new variational scheme for the 4DDA, it seems
likely that the differences seen above for 1993 may also
be present in the reanalysis products.

We conclude that there is enormous scope for im-
proving our knowledge of and modeling ability for the
global atmospheric hydrological cycle.
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