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Abstract

An evaluation of the components of the hydrological cycle in the reanalyses from the
ECMWF has been performed. These are compared to the reanalyses from NCEP and
NASA as well as analyses and observations from different data sources and several satel—
lite estimates.

With respect to GPCP precipitation data, the ECMWF reanalyses are superior to the rean-
alyses from NCEP and NASA in the extratropics. No clear decision can be made in the
tropics where all reanalyses overestimate precipitation. The NASA reanalysis does not
catch correctly the annual cycle of tropical precipitation. There are some problematic
regions in the ECMWF reanalysis, including the Andes, where too much precipitation is
analyzed, and the Alps and Antarctica which are too dry.

There is a 100 southward shift of the ITCZ over Africa in the ECMWF reanalysis around
1987. A probably non—meteorological long term trend is visible in the tropics with a slight
increase of oceanic precipitation and a decrease of latent heat flux. The reason for this is
not clear. Therefore there are applications for which the NCEP reanalyses may be more
suitable.

The quality of the hydrological cycle has been appraised by long—term means of the differ—
ence of precipitation and evaporation (P-E) and a comparison to observed river discharge.
None of the reanalyses has a closed hydrological budget over subtropical land points. The
12-24 hour forecast of ECMWF performs best in this respect.

The ECMWF reanalysis shows a clear spinup of about 15% nearly everywhere. On the
whole, especially in winter over land, the 12 to 24 hour forecasts fit the observations best
and give the most consistent picture. A positive effect on the construction of global precip—
itation datasets (as filling data sparse areas in the GPCP analyses) is likely.



Hadley cell due to the introduction of diabatic Normal Mode Initialization (NMI) in 1982,

changes in model resolution (1983, 1985) and in the analysis scheme (1986, 1989) are
clearly visible. Arpe (1990) and Trenberth (1992) have discussed these impacts from
model changes in detail. Schneider et a1. (1992) have compared area averages of precipita—
tion from the then operational forecasts of the ECMWF with conventional measurements
and found a strong sensitivity to model changes, with relative errors of up to 100% without
a clear seasonal signature. Due to these obvious deficiencies, it has been suggested

(Bengtsson and Shukla, 1988) to “re-analyze“ global atmospheric datasets with a frozen
data assimilation scheme. At the ECMWF, such a reanalysis project has been completed
for the period 1979 to 1993, referred to as ERA in the remainder of this text. Reanalyses
have recently also been carried out at the National Centers for Environmental Predictionz)
/ National Center for Atmospheric Research (hereafter denoted NCEP) and at the Data
Assimilation Office of NASA‘s Goddard Space Flight Center (hereafter denoted NASA).
Documentation of these reanalysis datasets and assimilation systems can be found in Kal-
nay et a1. (1995) for the former project and in Schubert et a1. (1993) for the latter one.

This study aims to evaluate the realism of the precipitation estimates by the European
Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis. A comparison of dif-
ferent analysis schemes can help to identify sensitive areas, and in regions with a good
observational data coverage one can compare the estimated precipitation with observa-
tions. Also the degree of adjustment between the analysis and the short—range forecasts
(generally referred to as spinup) gives some measure of the quality of the analysis data.
The results are only indicative, and further investigations are in progress.

The paper is organized as follows: In section 2, a short description of the datasets that are
used for the validation is given. Section 3 deals with long—term global precipitation distri-
butions. In sections 4 and 5, the variability of precipitation on different time scales, from
interannual to interdiurnal, are investigated. In section 6, a detailed discussion of the
spinup follows. The other components of the hydrological cycle are addressed in sections
7 (evaporation) and 8 (river runoff). The results are discussed in section 9, which is fol-
lowed by conclusions and some final remarks.

2) Formerly National Meteorological Center (NMC).



Another possibility of satellite rainfall estimation is the use of microwave measurements
from the Special Sensor Microwave Imager (SSM/I) on board of polar orbiting satellites.
Radiances are measured at four frequencies near 19, 22, 37 and 85 GHZ, respectively. At

these frequencies, not only the microwave emission of hydrometeors can be detected, but
also their effect on radiative transfer due to absorption and scattering. Since land surfaces
have nearly the same emissivity as water clouds, SSM/I precipitation estimates based on
emission are meaningful only over the oceans. An algorithm from Wilheit et al. (1991) is
applied that assumes a log—normal precipitation histogram and estimates the freezing level
from the 19 GHz and 22 GHz channels. Precipitation estimates based on the scattering by
hydrometeors are applicable also over land. Here algorithms from Grody (1991) and Weng
and Grody (1994) are applied. The SSM/I is a multi-channel instrument and therefore
allows the retrieval of a variety of parameters, including sea ice and snow cover and, at

85 GHZ, water vapour, liquid water and rain. The latter frequency provides a plain relation
between precipitation rate and brightness temperature, the main effect being the scattering
in ice clouds (Adler et al., 1991). However, due to the sun—synchronous satellite orbit, at

the best only two SSM/I soundings per day are available for a given point so that the diur—
nal cycle cannot be determined except for periods when observations from more than one
satellite are available (Chang et al., 1995). When comparing monthly means as in this
paper, it has to be considered that GPI and SSM/I emission data are potentially biased
since they are based on pentad averages that do not exactly coincide with calendar months.

From the Microwave Sounding Unit (MSU) that is primarily used to estimate the vertical
temperature distribution (Grody, 1983), the liquid water content of the atmosphere can be
calculated (Spencer, 1993). Monthly precipitation sums are then obtained via an empirical
relation.

Both infrared and SSM/I methods are not applicable in the polar regions, so that there are
several gridpoints in high latitudes where neither gauge nor satellite observations exist. If
it is essential to have global datasets, as in GPCP, it is necessary to take into account the
results of numerical models. There are, however, a number of caveats. The physical pro—
cess of the formation of precipitation has to be parameterized and may depend on the hor-
izontal and vertical resolution of contemporary global models. The horizontal resolution is
also responsible for the heavily smoothed representation of terrain that may influence the
representation of e.g. orographically forced rain. Observed precipitation data does not
enter into the initialization of most models (for an exception see Krishnamurti et al.,
1991). Furthermore, the three-dimensional distribution of cloud water and rain water is

quantitatively unknown. Furthermore, due to imbalances in the initial fields, a “spinup“ of

precipitation occurs.



The NCEP reanalysis was performed with the NCEP Medium Range Forecast (MRF)
model and the operational Spectral Statistical Interpolation (SSI) procedure (Parrish and
Derber, 1992; Kalnay et al., 1993). A T62 spectral resolution with 28 sigma levels, seven

of them below 850 hPa, is used. We had available the period 1982-1993. The lower bound-
ary is given by mean orographic height. Convective parameterization is performed by a
simplified Arakawa-Schubert convective scheme (Pan and Wu, 1994). The NCEP reanaly-
ses need not be initialized because the statistical spectral interpolation eliminates imbal—
ances in the initial state. Soil moisture is obtained from the two-layer implicit scheme of
Pan and Mahrt (1987).

NASA took a different approach for the assimilation of observational data: a continuous
assimilation is used, where analysis increments are used as constant forcings throughout
the integration between two analysis steps. Therefore no initialization is necessary (Bloom
et al., 1995). The reanalysis is carried out using a grid point model. It is performed with
the Goddard Earth Observing System (GEOS) GCM (Takacs et al., 1994) and an optimum
interpolation scheme (Pfaendtner et al., 1995) on a horizontal grid of 2.50 longitude by 20
latitude with 20 vertical sigma levels, four of them below 850 hPa. NASA data are avail—
able for 1985 to 1993. The model uses an relaxed Arakawa-Schubert parameterization
(Moorthi and Suarez, 1992) that is a simplification of the original Arakawa—Schubert
(1974) scheme. Soil moisture is computed off-line based on a bucket model that incorpo-
rates monthly means of surface air temperature and precipitation (Higgins et al., 1996).

There are also differences in the SST and sea ice cover datasets used that might impact the
atmosphere. In the ECMWF reanalysis, the following were used: 1o monthly analyses
from the UK Meteorological Officce (GISST) for December 1978 and January 1980 to
October 1981 and 1° weekly optimum-interpolated SST analyses of Reynolds and Smith
(1994) for November 1981 to the end of the period. Special arrangements were made with
NCEP and NASA to enable each reanalysis to use an idential set of SSTs and sea ice limits
for 1979, namely the EOF-enhanced SST from the combined UK Meteorological Office
(GISST) and NCEP dataset. Sea ice limits from SMMR and SSM/I are inserted through a

post—analysis procedure (Nomura, 1995). While NCEP uses the improved global optimum
interpolated (OI) SST analyses of Reynolds and Smith (1994), NASA incorporates the
blended SST analyses of Reynolds (1988) and Reynolds and Marsico (1993). Differences
between OI and blended analyses can be expected in regions of high SST gradients, e.g.
the East Pacific (Reynolds and Smith, 1994) and near ice edges. After July 1987, SSM/I
satellite winds are included in the NCEP, but neither in the ECMWF nor NASA reanalysis.



ispheres. Over the Indian subcontinent, the reanalyses result in wetter conditions at the
west coast of India, with drier than observed conditions away from the coast. Here the

interpolation from a resolution of 2.50 in GPCP to a N80 resolution used in ERA may have
an effect.

The zonal means of the reanalyses in Fig. 2 show the secondary precipitation maxima in
the temperate latitudes displaced poleward, especially on the Southern Hemisphere. There
is a general tendency to underestimate land precipitation in boreal winter in the reanalyses
(Fig. 3a) and overestimate it in summer (Fig. 3b). In detail, the NCEP reanalysis shows
excessive summer precipitation over Europe (Table 1), and both NCEP and especially
NASA reanalyses are much too wet over large parts of North America in summer (Fig. 4),
which is connected to excessive evaporation (Stendel and Arpe, 1996). The wet bias in
ERA is much smaller. On the other hand, in NH winter, NCEP and NASA exhibit a dry

bias in the extratropics, as compared to various observational datasets and to the Legates
and Willmott climatology (see also Molod et al., 1995). Good agreement is found between
observations and ECMWF reanalyses, with differences less than 0.2 mm/day (about 10%)

in large parts of North America and Asia. However, a dry bias can be noticed for ERA
over Europe, ERA24 being slightly superior in this respect to the first guesses (compare
Fig. 3a). Over mid-latitude oceans generally less precipitation is found in the reanalyses
than in GPCP.

Of special interest is the area parallel to the North American coast along the Atlantic
cyclone track (Fig. 4). The GPCP analysis consists here of estimates using SSM/I observa-
tions. It would be extremely interesting to know if the models of both analysis schemes
have the same systematic error of generating too little precipitation in young developing
cyclones or if the estimates by SSM/I suffer from an overestimation in these young
cyclones. Probably the algorithms for the estimation of precipitation from SSM/I observa—
tions need to be different in case of young and of fully developed cyclones. In the Precipi—
tation Intercomparison Project (PIP-3), all SSM/I estimates show similar high values in
this area with the only exception of the Bristol University algorithm which was tuned with
midlatitude observations.

The NCEP reanalysis shows unrealistic noise in the polar regions. This is not due to the
Gibbs phenomenon as previously thought, but rather to the poor approximation of hori-
zontal moisture diffusion in the boundary layer when transforming from 0' to pressure
coordinates. Unrealistic corrections are applied in high latitudes and elevations, leading to
the spurious precipitation visible in Fig. 3a and 3b. An a-posteriori correction has recently
been developed (NCEP Reanalysis Problem Report, 1996), but the corrected precipitation



Whereas, by and large, the precipitation estimates over land agree well, there is a consid—
erable degree of uncertainty in ocean precipitation rates. Since there are virtually no direct
observations, the GPCP dataset has to rely on the GPI and SSM/I estimates. In Fig. 2, all
datasets show a primary maximum of precipitation near 5°N and secondary maxima
between 1508 (in DJF) and 1008 (in JJA), and there is a wet bias between 2505 and 25°N,
as compared to GPCP estimates. This bias is larger in DJF than in JJA and also larger in
ERA than in NCEP. Over the Western Pacific (Fig. 3), the SPCZ has a more E-W orienta-
tion in the reanalyses than in the GPCP analysis, and this deficiency is stronger in the
NCEP than in the ERA data. None of the datasets supports the relative precipitation maxi-
mum at 60°S in the Legates and Willmott (1990) climatology (not shown here). It there-
fore appears highly unrealistic (cf. Roeckner et al., 1992).

The precipitation over the polar caps is hardly known since almost no operational observa-
tions of precipitation are available. In Fig. 5, we use the annual cycle at the Antarctic sta-
tion Vostok (78°27’S, 106°52’E, data from Genthon and Braun, 1995) and at the Russian
North Polar ice drift stations (data from Radionov, to be published). For the Arctic these

observations agree with the values by ERA and Legates, while NCEP provides an overes-
timate in summer. At Vostok the ERA values are too low during southern winter while the
Legates and Willmott data give by far higher values. Due to the high spatial variability in
the NCEP precipitation data in polar regions that was mentioned above, the NCEP values
depend strongly on the choice of the averaging region.

A point of concern is the relation between stratiform and convective precipitation, since
the underlying physical processes are different. In the reanalyses from ECMWF and
NCEP, the total precipitation is separated into both precipitation types, but not in the
NASA reanalysis data available to us. Large scale precipitation is typically connected to
extratropical baroclinic waves. However, a significant proportion of tropical precipitation
also is of stratiform nature and falls from anvils of cumulonimbus clouds, as indicated by
observations during GATE. In the ECMWF reanalysis such a horizontal distribution is vis-
ible (not shown), with maximum values of stratiform precipitation over the cyclone track
regions of the respective winter hemisphere and in the ITCZ. In summer, the Indian sum—
mer monsoon is also clearly visible. In contrast to the ECMWF reanalyses, there is virtu—

ally no tropical large scale precipitation in the NCEP reanalyses except at isolated grid
points over the highlands of Columbia, Bolivia, Kenya and Ethiopia (not shown). Since
these are the only tropical regions with mountains exceeding 4000 m height, it may be
speculated that stratiform precipitation there is initiated by large-scale vertical motions
along the mountain slope.
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Over the extratropics (300—600; this latitude range has been chosen since there are virtually
neither gauge nor satellite measurements in the GPCP datasets poleward of 60°), there is a
distinct annual cycle of precipitation with summer maxima over land and winter maxima
over the oceans (not shown). Judged from hemispheric means, the annual amplitude of
precipitation is overestimated in all reanalyses, with excessive summer precipitation over
land and too little over the oceans of both hemispheres, particularly for NCEP. Probably
the differences in the annual cycle are due to enhanced precipitation connected to warm
fronts in the models, whereas in reality more precipitation falls along cold fronts. How—
ever, this issue has to be left to a detailed examination, since from monthly means no
judgement is possible.

The interannual variability of precipitation from different data sources for tropical land
and ocean points is discussed next. A 1-2—1 smoother has been applied to the data. An
interesting feature is the long—term trend in the ERA data with a slight decrease of precip-
itation over the tropical land masses and a slight increase over the tropical oceans (Fig. 7).
In the late eighties, a similar trend is visible in the GPCP land precipitation. The GPCP
satellite estimates over the oceans do not show an increase of precipitation. However, there
are some atoll observations in the deep tropics where such an increase is visible (compare
Fig. 11 below), whereas in the observational record of other stations no such trend can be
found. Over the tropical oceans, the most striking feature in ERA is the large variability of
the first guess (between 2.5 mm/day in 1984 and 5.3 mm/day in 1991) and, to a lesser
extent, of the 12-24 hour forecasts, in connection with spinup values up to 40% early in
1984. Large variability of precipitation, especially over the oceans where only satellite
soundings are available, occurs when there are two satellites in operation, which points
towards sampling problems. Also some interannual variations are visible in the ERA data
with more precipitation prior to El Nifio events and less thereafter. The main contributions
come from the tropical oceans. Both long—term trend and interannual variability are very
interesting features that should be investigated further. For the moment they are regarded
as unrealistic because the other datasets do not show these features.

The interannual variability of precipitation during boreal summer in ERA06 is shown in
Fig. 8 in a north-south section of precipitation averaged over a relatively narrow band in
east—west direction (15°E-250E, i.e. Africa and Europe). Around 1987, the position of the
ITCZ moves from about 80N to 20$. A comparable shift is visible in ERA24 (not shown).
A similar plot for the DJF season also shows a shift to the south, but less dramatic. When

comparing the different data sources for the two periods 1986/1987 and 1988-1991
(Fig. 9) for the same belt we found for both periods that the ERA values of the ITCZ are
much higher than those from GPCP. As mentioned, the position of the ITCZ shifts by 100
to the south between the two periods, the latter one being less reasonable. Soil moisture
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chosen from the dataset of Morrissey et al. (1993). In the deep tropics, ERA06 generally
comes closest to the observations, although there are large differences for single months.
Both ERA06 and ERA24 are superior to the NCEP reanalysis that underestimates strong
precipitation events. Differences are generally smaller in the outer tropics where ERA and
NCEP are quite similar.

5. Day-by-day variability

Precipitation is highly variable both in time and space and it is therefore very difficult to
obtain representative area averages on a daily basis. In Belgium, a very dense observa—
tional net exists, which we used for a comparison only with the ERA data. The T106 grid
point “Central Belgium" (4.5°E‚ 51.0°N)‚ covered by 31 observational stations, is com-
pared to the ERA precipitation to represent the day—by—day variability. Fig. 12 shows the
daily precipitation for July and December of a 7 year period. Although, for the ease of data
handling, all three datasets represent slightly different averaging periods4), the correla—
tions between reanalyses and observations are quite high:

December 1981—1987: Obs. / ERA06 73 % Obs. / ERA24 68 %,
July 1981-1987: Obs. / ERA06 70 % Obs. / ERA24 66 %.

For a grid point near Basel (Switzerland) with even higher observational data density, we
find:

January 1983-1991: Obs. / ERA06 79 % Obs. /ERA24 78 %,
July 1983-1991: Obs. /ERA06 66 % Obs. / ERA24 64 %.

This result is quite encouraging. By choosing larger areas and strictly comparable averag-
ing periods, the scores can probably be improved. The mostly convective summer precipi-
tation is less easy to simulate. The 12-24 hour forecast range scores worse than the 6 hour
forecast range for this time scale while for monthly means the longer range forecasts seem
to be superior. This agrees with our expectations.

4) Observations: 06 UTC to 06 UTC next day, ERA06: 00 UTC to 24 UTC and ERA24:
12 UTC to 12 UTC next day.
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data coverage. Also the usage of satellite data in the three-dimensional variational analysis
method is quite different from the use of the TOVS as done in the operational analyses in
the eighties.

Fig. 15 elucidates the different behaviour of spinup for two areas, northern Europe and
northern Australia. Two diurnal cycles are displayed because a 24h forecast starting at
12GMT reaches into the next day. Precipitation values from the forecasts for the first
guess (6 hours) is an average which is plotted at 03, 09 UTC and so on. The 24 hour fore—

cast starting at 00 UTC gives four values, at 03, 09, 15, and 21 UTC, and that starting at
12 UTC gives values for 15, 21 UTC and 03, 09 UTC the next day (marked as 27 and 33
GMT). Arpe and Stendel (1996) note that a distinct pattern can be found in the diurnal
cycle of the spinup. Regions in which stratiform precipitation spinup dominates (e. g. over
Europe in winter) have only a small diurnal cycle of this quantity, and in both 24 hour
forecasts (from 00 and 12 UTC) a strong increase is found during the course of the fore-

casts. On the other hand, there is almost no spinup over northern Australia in the forecast
started at 00 UTC, whereas large spinup values are found in the forecast started twelve
hours later. The opposite is true for equatorial Africa and large parts of South America. On
average, the 12—24 hour forecasts provide an increase compared to the 6 hour forecasts
which mean also for this area a better agreement with the GPCP data.

In Fig. 16 the diurnal amplitude of the spinup (forecast started at 00 UTC compared to 12
UTC) is shown. Over tropical land where convective precipitation dominates, the spinup is
larger when the initial analysis from which the forecast is started is valid for the evening
or the night (Arpe and Stendel, 1996). For boreal summer a similar effect can be seen over
Eastern USA and Central Europe. It can be speculated that the diurnal cycle of convective
spinup is driven by the soil temperature that cools down too slowly at night, thus favouring
convection. An important exception can be noticed during summer monsoon over western
India where the forecast starting at 00 UTC (=04 local time) has a much larger spinup than
that from 12 UTC. This may be due to the fact that enough soil moisture is available dur—
ing the summer monsoon season so that convection here is mainly driven by the diurnal
cycle of insolation. Over the tropical Pacific, the spinup of the forecast starting at 12 UTC
(near local midnight) is considerably larger than that from 00 UTC, consistent with the
well-known nocturnal or early morning rainfall maximum (Chang et a1., 1995, see also
Kraus, 1963).
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Table 2 compares precipitation and evaporation sums from different sources for land and
oceans. Due to the lack of observational data, considerable discrepancies exist in the dif—
ferent datasets, and the quality of the evaporation fields in the reanalyses is difficult to
judge, especially over the oceans, where evaporation rates are at best known within 30%
(Oberhuber, 1988). However, from the considerations above, there is some evidence that
gradients are too weak in the NASA reanalysis, i.e. there is too much evaporation in arid
regions and not enough in the tropics.

1DLand ELand P'ELand POcean EOcean P"EOcean Pglobal P'Eglobal

ERA06 1 14 83 31 383 429 -46 497 -15

ERA24 123 83 40 426 441 — 15 549 25

Spinup 9 0 9 43 12 31 52 40

NCEP 121 95 26 384 410 —26 505 0

NASA 118 118 0 370 364 6 488 6

ECHAM4 113 77 36 408 445 -37 521 -1

GPCP G/S 109 - - 395 - - 504 -

Schemm 107 — — 396 - - 503

Baumg. 111 71 40 385 424 —39 496 1

Chahine 107 71 36 398 434 —36 505 0

Hartmann 1 1 1 71 40 388 428 -40 499 0

Legates 121 — - 464 — - 585 —

Jaeger 109 - - 380 - - 489 —

Table 2: Components of the hydrological cycle [1015 kg a'l]*) for the period 1988—1993.
P stands for precipitation and E for evaporation. GPCP G/S is the mixed
raingauge/satellite estimate from GPCP, Schemm stands for a blend of
conventional observations over land (Schemm et al., 1992) and MSU estimates
over the oceans (Spencer, 1993). Other estimates from Baumgartner and
Reichel (1975), Chahine (1992) and Hartmann (1994). Also shown are the
climatologies from Legates and Willmott (1990) and Jaeger (1976) and a
simulation with ECHAM4 (T42, observed monthly mean SST).

*) Over land (ocean), lmm/day is equivalent to 54.605 (131.746) 1015 kg a‘l. For the globe, l mm/day equals
186314-1015 kg a'l.

While there is general agreement about the land precipitation, the uncertainty of oceanic
precipitation is much larger. It can be seen that, on a global scale, there is a lack of precip-
itation during the early stages of the forecast (ERA06), while in ERA24 a considerable
amount of water is accumulated. It turned out during the creation of the ECMWF reanaly-
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Parana region), South Africa and Australia also exhibit this imbalance. The deficit is par—
ticularly large in the Peru/Ecuador area and over parts of South Africa, with values up to
4 mm/day.

8. River runoff in the ERA data

For several rivers the observed monthly mean runoff is available (Dümenil et al., 1993),
and we have used these data to check the long term mean of P-E from the reanalyses. The
Amazonas and the Mackenzie, two slowly flowing rivers, are selected here for demonstra—
tion. In light of the uncertainty of the observations, the ERA precipitation data are reason—
able for both river catchment areas (Fig. 20), while NCEP data provide an overestimate
especially in summer for the Mackenzie river. The evaporation in NCEP is much higher
than in the ERA data, and from the following we believe that the latter are more correct.

We have compared the P-E of the reanalyses to the observed river discharge. The maxi—
mum discharge at the mouth of the Amazonas is found a few months after the maximum
precipitation further upstream. For the Mackenzie, the snow melt in May/June dominates
the discharge peak. Such delays of discharge are not yet modelled, and therefore only
annual means of P-E and river discharge can be compared. For both rivers the ERA24 data
provide nearly exact estimates of the observations, while NCEP is on the low side. For the
Mackenzie river basin the ERA06 values are clearly too low, which confirms our finding
from above that in the extratropics a longer forecast range gives more realistic precipita-
tion values.

9. Discussion

Considerable efforts have been undertaken recently to improve our knowledge of the
hydrological cycle. Available ground-based and satellite observations are being merged in
the GPCP project. Several institutions are re-analyzing atmospheric datasets by means of
forecast models that do not suffer from the numerous changes in the data assimilation or
the model itself that are common to operational analyses.
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algorithms were modified several times in the past to keep pace with the advent of more
sophisticated instruments and methods. The SSM/I soundings may serve as a relatively
accurate database for precipitable water over the oceans (e.g., Liu et al., 1992) that can
therefore be used for the validation of the hydrological cycle in the reanalyses. These are,
however, available only relatively recently. For the few atoll observations which are
assumed to be representative for the ocean, the ERA06 data gives slightly better results
than ERA24. More precipitation than estimated from satellites is indicated over oceanic
regions where cold upwelling is found (Benguela Current, Humboldt Current). However,
these fail to detect low precipitation rates, as by drizzle. Reasonable agreement is found
with ship observations (da Silva et al., 1994).

Humidity analysis has always been a matter of concern for numerical weather prediction.
In the course of the years, numerous changes have been applied to the treatment of humid-
ity in the operational analyses of the ECMWF, resulting in large temporal inconsistencies
of humidity variables (Arpe, 1990). These are discussed to some extent e.g. in Trenberth
(1992). Although a frozen model version is used in the reanalysis, humidity variations
cannot be expected to be entirely natural, since errors in other quantities may also affect
humidity, as discussed in section 7. Observational methods have changed as well, and
there was a steady increase of the number of available observations from aircrafts and sat-
ellites, so that the large fluctuations of precipitation are probably caused by a combination
of all these factors.

10. Conclusions

For monitoring the climate change, temporal consistent datasets are extremely important.
The spatial and temporal distribution of precipitation is of most vital interest. Considera—
ble efforts have been made in order to obtain such precipitation data, both by incorpora—
tion of gauge measurements and satellite soundings and by means of creating consistent
model-based forecast data to close the gaps that cannot be filled by conventional or satel-
lite observations.

Although there are some characteristic differences between the three reanalyses that were
examined in detail, their consistency has much improved as compared e.g. to ECMWF‘s
operational analyses. This can be seen in the time series that were presented in section 4 as
well as in the latitude—time series of the vertical velocity. However, none of the reanalyses

is perfect.
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Fig. 1: Latitude-time section (1979-1993) of the zonally averaged vertical velocity to in
500 hPa. Upper panel: ECMWF operational analyses, lower panel: ECMWF reanaly-
ses. Units: mPa/s.
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Fig. 2: (a) Meridional cross-section of precipitation in Winter (DJF 1988/89 to 1992/93). Top
panel: land points, bottom panel: ocean points. Red curve: ERA 06 h forecast, blue
curve: ERA 24 h forecast, grey curve: spinup, black curve: GPCP satellite/gauge esti—
mate, green curve: NCEP reanalysis, yellow curve: NASA reanalysis. Units: mm/day.
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(b) Meridional cross—section of precipitation in summer (JJA 1988 to 1993). Top
panel: land points, bottom panel: ocean points. Red curve: ERA 06 h forecast, blue
curve: ERA 24 h forecast, grey curve: spinup, black curve: GPCP satellite/gauge esti—
mate, green curve: NCEP reanalysis, yellow curve: NASA reanalysis. Units: mm/day.
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Fig. 3: (a) Total precipitation in winter (DJF 1988/89 to 1992/93). Top left: ECMWF reanaly-
sis (ERA06), top right: ECMWF reanalysis (ERA24), center left: NCEP reanalysis,
center right: NASA reanalysis, bottom left: GPCP mixed satellite/gauge estimate, bot-
tom right: Legates and Willmott (1990) climatology. Units: mm/day. Contours at 2, 6
and 10 mm/day.
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Fig. 3: (b) Total precipitation in summer (JJA 1988 to 1993). Top left: ECMWF reanalysis
(ERA06), top right: ECMWF reanalysis (ERA24), center left: NCEP reanalysis, cen—
ter right: NASA reanalysis, bottom left: GPCP mixed satellite/gauge estimate, bottom
right: Legates and Willmott (1990) climatology. Units: mm/day. Contours at 2, 6 and
10 mm/day.
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interval 2 mm/day.
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Fig. 5: Annual cycles of precipitation in the polar regions. Upper panel: Vostok (78°27’S,
106°52’E), lower panel: Arctic basin. Climatologies from Genthon and Braun (1995)
and Radionov (to be published), respectively. Units: mm/month.
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Fig. 11: Time series (1982-1993) of Pacific atoll precipitation (Morrissey et al., 1993, updated,
black line) and the corresponding grid points from ERA06 (red) ERA24 (blue) and
NCEP (green). (a) average for Majuro (7,1°N, 171.20E), Tarawa (1.20N, 172.60E) and
Butaritari (3.0°N, 172.5°E), (b) average for Fua‘amotu Apt. (21.1°S,165.1°W), Kep-
pel Is. (15.6°S, 173.50W) and Alofi (19.008, 169.60W). Units: mm/day.
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Fig. 13: Spinup in the ECMWF reanalysis. Left: winter (DJF 1979/80—1992/93), right: sum—
mer (JJA 1979-1993). Top: Total spinup, center: spinup of convective precipitation,
bottom: spinup of stratiform precipitation. Units: mm/day. Contour interval 1 mm/
day.
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Fig. 14: Ratio of the spinup to the maximum of ERA06 and ERA24 for boreal winter (DJF
1 979— 1993). Contour interval O. 1 , zero line is suppressed.
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Fig. 15: Diurnal cycle of total spinup in winter (DJF 1979/80-1992/93) for Northern Europe
(upper panel) and Northern Australia (lower panel). Units: mm/month.
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Fig. 16: Difference of the spinup in ERA forecasts started at 00 UTC minus forecasts started
at 12 UTC for boreal summer (JJA 1979-1993). Units: mm/day, contour interval
1 mm/day, zero line is suppressed.
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Fig. 17: Evaporation in summer (JJA 1988-1993). Top left: ECMWF reanalysis (ERA06), top
right: ECMWF reanalysis (ERA24), bottom left: NCEP reanalysis, bottom right:
NASA reanalysis. Units: mm/day. Contour interval: 2 min/day.
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Fig. 18: Time series of latent heat flux deviation from mean 1979-1993 for all tropical oceans
(top) and Indian Ocean, southern subtropical Atlantic and tropical Pacific, respec-
tively (lower panels). Units: mm/month.
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Fig. 19: Precipitation minus evaporation (P-E). Mean over the period 1988-1992. Top left:
ECMWF reanalysis (ERAO6), top right: ECMWF reanalysis (ERA24), bottom left:
NCEP reanalysis, bottom right: NASA reanalysis. Units: mm/day. Contours at -2, 0, 2
and 6 mm/day.
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Fig. 20: Elements of the hydrological cycle in the Mackenzie river catchment. Top: precipita-
tion, bottom: evaporation. ERA: mean for 1979-1993, NCEP: mean for 1982—1992,
GPCP: mean for 1986-1994. Units: mm/month.
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