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Abstract

The purpose of this study is to test the reliability of global and regional
monthly rainfall fields deduced from operational ECWMF forecasts, and to

compare them with the large-scale climatology and observed data over Europe.

Daily forecasts extending to D1 (12-36h), D2 (36-60h), D4 (84-108h) and D7
(156-180h) were used to compute monthly fields for January, April, July and
October for the years 1981, 1982 and 1983; mean fields for each of the four
months were also computed by averaging the data for the threé available

years.

Zonally~averaged values for the whole globe, the continents and the oceans, as
well as global patterns, were compared with Jaeger's rainfall climatology
(1976); also data from Corona (19278) were used t§ estimate the interannual
variability of rainfall totals over the continents. Observed data from about

200 stations over Europe were used for the rxegional verification.

Even though the forecast fields reproduce almost all the main features of the
large scale geographical distribution of rainfall, there are some systematic
errors which occur even in D1 forecasts. Global averages of precipitation are
always underestimated by the forecasts, the error being between 5% and 15%.
This underestimation is concentrated over the oceans, whereas continental
rainfall is usually overestimated, especially in the tropics and in

midlatitudes during summer.



A short study of the hydrological balance in January and July, 1983 showed
that the deficit of oceanic rainfall is related to an even stronger deficit in
evaporation, so that a balance between precipitation and evaporation is
achieved only when a significant fraction of the global precipitable water

has been removed from the model atmosphere; . these results are .in agreement
with the findings of Heckley (1985). Inadequacies in the parameterisation of
vertical transports.of moisture seem to be the main cause of this systematic
error. Other sources of error can be found in the convection scheme, which is
too active over the continents and particularly over -the mountains, and in. the
smoothed represen;ation‘of the orography, which generates a deficit of
rainfall on the windward side of the. mountains and an excess on the lee side

in winter.

The important changes which occurred in the operational model during the
three years considered in this study had a clear impact on rainfall forecasts,
so that a poor correlation can be found between the interannual vériations of
monthly rainfall. However, during the periods when no relevant modification
occurred, the co;requndence between the observed and the forecast .variations
was mach better. If the main sources of the systematic errors could be at
least partially eliminated, the short range rainfall forecasts could become a
~ very important source of information for the diagnostics of the global

hydrological cycle of the real atmosphere.
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1. INTRODUCTION

Despite the continuous improvement in the global network pf rainfall
observations and in the data analysis algorithms, global or regional estimates
of the rainfall which occurred in a particular period are still very difficult
to obtain. In practice, reliable estimates of precipitation can be obtained
only for densely populated areas, but little or no information is available
for vast areas where high precipitation occurs, namely a large part of the
mountain chains and the oceans. Because of this lack of information,
diagnostic studies of the observed global balanée of energy and water still
suffer from a large degree of uncertainty, and the evaluation of the skill of
general circulation models in reproducing or predicting the hydrological cycle

of the earth is possible only over limjited areas.

Even the total amount and the climatological distribution of global rainfall
are known only approximately. Jaeger (1976, 1983) reviewed a number of
studies and produced precipitation maps for most of the globe and computed
mean monthly and annual maps of global precipitation with a 5°
latitude/longitude resolution using data from previous investigations.
Although his maps are probably the most reliable sources of information
available about global rainfall climatoiogy,(they suffer frém a considerable
uncertainty in the oceanic areas: Jaeger used Geiger's global map (1965) of
mean annual rainfall to deduce the annual totals over each oceanic grid box,
and distributed these total values among the twelve months using monthly
rainfall frequencies deduced from the U.S. marine climatic atlas for the years
1955-1965. At the end of his computation he found a mean global value of

966 mm for the annual precipitation, whereas some other studies seemed to
indicate 1000 mm as a lower limit; therefore he multiplied all the values over

the oceans and the polar regions by a factor of 1.062 to obtain a mean annual



global rainfall of 1000 mm. The techniQue used by Jaeger has been presented as
aﬁ example; in general, in all the studies based on surface observations,
oceanic precipitation has been estimated by either extraﬁolating the values
recorded at coastal or island stations, or by using the frequencies of present
weather types recorded on ships as indicators of rainfall amounts (see Tucker,
1961; Dorman and Bourke, 1979, 1981), or by adopting a suitable combination

of these two techniques.

Since gbout.1970, a considerable number of studies have been published in .
which the‘rainfall distribution over oceanic areas was deduced from satellite
observatiopsi Many different techniques were developed, using data recorded
in the visual (see Barrett, 1970; Ramage, 1975; Kilonsky and Ramage, 1976},
infrared (see Richards and Arkin, 1981; Arkin, 1983) or microwave (see
Wilheit et al., 1977; Rao and Theon, 1977) band bf the spectrum. An
extensive treatment of this subject is given in the boock by Barret and Martin
(1981). - However, these studies were restricted to limited periods in time .
(two years for some of them).and the methods used are subject to a number of
limitations. Firgt of all, they have been developed for convective
precipitation only, and so are not useful in middle (apart from the summer
period) and high latitudes. In addition, they often rely 6n statistical
assumptions and are tuned by means of empiriéal parameters derived by fitting
the model to the data observed over islénd or coastal areas. Although some of
these methods seem to be quite general, especially if applied to the
estimation ofimonthly values in large areas, it is difficult to evaluate their
valiaity when they are used outside the area over which they have been tuned.
The experienqe of these»investigations seemé to indicate that most estimates

are only accurate to about a factor of two.



We can conclude that reliable estimations of monthly global rainfall (both of
its climatological value and of its actual distribution in a particular year)
are not yet available. This fact prevents the global rainfall distribution
predicted by numerical models being verified in studies relating to the
sensitivity to boundary conditions or the potential skill of extended range

forecasts.

We have, therefore, investigated the possibility of using the short range

forecasts of rainfall produced by the operational model of ECMWF to produce

global estimates ofractual monthly rainfall. Our study has tried to answer

the following questions:

o Is the global rainfall climatology deduced from short range forecasts in
agreement with available climatological estimates?

. What is the amplitude and the geographical distribution of the
systematic error of the model forecasts?

. What differences can be found between climatologies computed from
forecasts with different verification times?

0 Is the ECMWF model able to similate the interannual variability of the
rainfall distribution?

. What is the probability of getting a reliable estimate of the monthly
rainfall over an area for which a dense set of observations. is
available?

After a summary of previous studies on ECMWF rainfall forecasts (Sect.2), the
methods used in our research are explained in Sect.3. Sect.4 to Sect.?
present and discuss the results of the study, while Sect.8 summarises our
answers to the questions posed above and points out the need for further

investigations.



2. PREVIOUS VERIFICATIONS OF ECMWF RAINFALL FORECASTS

Ambng the maﬁy investigations concerning the verification of ECMWF operational
prbducts, some have been totally or partially devoted tolrainfall forecasts.
Verification of rainfail predictéd over Europe can be found in Akesson (1981),
Rkesson et al. (1982) and Johannessen (1982), while Heckley (1981)
inﬁestigated the skill of ECMWF rainfall forecasts in the tropics. Avbrief

summary of their results will be given here.

Rxesson (1981) performed verifications of area-averaged daily forecasts versus
area—a&eraged observations for 5 European areas (each one consisting of 6 grid
points of the operational model, 3 in longitude x 2 in latitude) during thé
months of October and November 1980. Also the verification 6f local values
was made for two stations in two of the five selected areas; a bilinear
interpolation from the nearest grid points was used to compute the
corresponding forecast valués, Rkesson showed that for the area-averaged
values, the skill of the model was .good at day 1 (00-24h) and day 2 (24-48h),
with a correlation coefficient greater than .6 betweeﬁ observed and predicted
values, but decliﬁed in the following days and reached very low levelé at

day 5.  The errors increased with increasing observed amounts; there was a
systematic underestiméﬁion of‘heavy rainfall, whereas smali or medium amounts
were often predicted when little or no rainfall was observed. In general,
these two effects combined té give a small negative bias at day 1 and a
negligible bias at day 2. On the followiné daﬁs there was a positive bias
(18% at day 3, 15% at day 4 and 9% at day 5 when averaged over the 5 areas),
but the magnitude of the bias showed considerable vériation among the,regions.
Akesson also showéd that, as expected, the &erification scores were mucﬁ lower
where station reports were used instead of area-averaged observations, while
little differences were found when verifying foreqasts at single points

against averaged observations.



Similar results were obtained by Rkxesson et al. (1982) in a study dévoted to
the verification of forecasts of surface parameters at 17 European stations in
December 1980 and January 1981. They examined rainfall totals in twelve-hour
periods from H12 (00-12 hours) to H168, and found that only H24 and H36
forecasts scored slightly better than persistence (these results were mich
worse than those presented in the previous study because no averaging was
performed on the observations). Even though the difference was very small,
H24 had a better skill score than H12 when chance was used as a reference;
this can be explained by the fact that during the spin-up time of the model
there are some inconsistencies bgtween the humidity and vertical velocity
fields. Also in this study the underestimation of high rainfall and the
excessive occurrence of low and moderate precipitation were found, with almost
no bias in the total monthly values for these stations during the first 24

hours and a positive mean error which slowly increased in the following days.

The main results obtained in these studies were confirmed by the more
extensive study undertaken by Johannessen (1982), who compared grid point
forecasts over the European area with observations averaged over a grid box
from January 1980 to April 1981. Johannessen pointed out that the ratio of
large scale rain to convective rain did not show significant variations during
the forecast cycle, with a mean value obviously depending on the month of the

year.

This study also allowed the evaluation of the effect of the orography on the
forecast errors; it showed a general undergstimation of rainfall on the
windward side of mountain chains and an overestimation on the lee side. When
the verification was performed only in non-mountainous regions with a high

density of stations, the systematic error was greatly reduced in the first



five day of the forecast. Unfortunately, Johannessen only performed this
comparison for April 1982, the first month in which a new operational
orography was introduced into the model, and he noticed that this did not lead
to improvements in the systematic error in the mountain areas. However, it
became clear that the great positive bias in the mountain areas in that month
was due to the fact that the horizontal diffusion of moisture and temperature
computed §n sigma surfaces did not work well with a steeper orography since. it
led to excessive convection on the mountains (Tibaldi, 1982). When a new
horizontal diffusion scheme was introduced, this bias was considerably
reduced; . thus April 1981 is not a suitable month to use for the investigation
of the performance of the ECMWF model in mountainous regions and over plains,

even though Johannessen's general conclusions are qualitatively wvalid.

A verification of ECMWF rainfall forecasts in the tropical area from February
to May 1981 was performed by Heckley (1981). Comparing the distribution of
monthly totals at different forecast times with Jaeger's climatology, he

noted a general underestimation of rainfall (~20%) in the equatorial region
and an overestimation of rainfall in the northern hemisphere's mid-latitudes.
The geographical distribution of forecast rainfall was increasingly similar to
the climatological field as forecast time increased; however, forecasts at
day 1 and day 2 showed a better resemblance to the observed anomaly of monthly
mean outgoing longwave radiation derived from NOAA satellite data and also had
a good agreement with observed monthly totals over South America except over
the Andes. Heckley also pointed out the strong corrélation between
precipitation and velocity potential fields.in the lower troposphere,’
suggesting the use of the latter fields as an aid to the verification of

rainfall forecasts over oceanic areas.



More recently, the errors in rainfall forecasts have been discussed in a
nuﬁber of works covering most aspects of the systematic error of ECMWF
operational models, such as those by Arpe (1983), Arpe and Klinker (1984) and
Heckiey {1985). These studies confirm the previous results about the
geophysical dist;ibution of rainfall systematic error, but allow a better
understanding of its interactions with the errors in atmospheric humidity
fields. Heckley's results on this subject will be referréd to again in
Sect.5, where a study of the hydrological balance in January and July 1983 iﬁ

presented.



3. DATA USED IN THE STUDY

As already described in the introduction, this study is devoted to the
evaluation of the reliability of the distribution of global and regional
monthly precipitation obtained from daily short-range rainfall forgcasts. For
this purpose, daily forecasts of total rainfall (large-scale + coﬁvéptive)
verifying in the months of January, April, July and October were selectéd for

the years 1981, 1982, 1983 and for the following forecast times:

- from 12 to 36 hours (D1);

- from 36 to 60 hours (D2);

- from 84 to 108 hours (D4);

- from 156 to 180 hours (D7);.
The data covered the whole globe and were extracted on a 1.875° lat-lon grid.
We avoided using the first 12 hours of the forecast because of the problems
related to the imbalance of moisture and vertical velocity fields which occurs
during the 'spin up' time; these problems are always present in objectively
analysed meteorological fields produced by data éssimilation cycles where
normal mode initialisation is employed, as is done at ECMWF. We have,
therefore, defined D1, D2, D4 and D7 as the 24-hour periods for which the

central times are 1, 2, 4 and 7 days after the time of the initial analysis.

From these data, the following global fields were computed for each of the 4
selected months and for each forecast time:
- total monthly rainfall;

- monthly rainfall amount due to daily rainfall below
2 mm/day (Class I);

- monthly rainfall amount due to daily rainfall between 2
and 20 mm/day (Class II);

- monthly rainfall amount due to daily rainfall above
20 mm/day (Class III).



For each of the four months of the year, mean fields were then compﬁted

and then averaged over the three years available. These mean fields will be
shown in Sect.4, and they will be compared with climatological estimates over
the wheole globe and some selected areas; differences which arise during the
forecast cycle will also be discussed. In Sect.5, the balance between

precipitation and evaporation will be examined for January and July 1983.

Sections 6 and 7 will be devoted to the verification of rainfall forecasts
against direct observations over the European area, namely an area consisting
of 725 grid points between 15°W and 37.5°E in longitude, 30°N to 75°N in
latitude. For this purpose, ali the reports from GTS stations in the European
area were extracted and daily amounts were computed by adding the values in
the 0600 and 1800 reports. Stations reporting less than 16 daily values in a
particular month were excluded from the subsequent computations for that

month.

Monthly values for each 1.875° grid box were then computed by averaging all
the daily data from stations located inside the box, and multiplying the
results by the number of available days in each month; in this way, the
contribution of each station to the monthly value was proportional to its
number of daily reports. In addition to the monthly totals, the contributions
due to the three rainfall classes were computed; the resulting values were
assigned to the grid point at the centre of each box. Obviously, it was not
possible to define these rainfall values for each of the 725 grid points in
the selected area. Therefore it was decided.that at least 50 daily reborts
were needed for the grid point data to be significant; in this way, data from
at least two stations were used to define a grid point value. Nearly 200-250

values could be computed for each month.



Finally, mean monthly values for each of the four months were calcﬁlated for
ail the grid points in which data were available in all the. three years; - the
number of such grid points was 184 for January, 203 for July and 204 for April
and October. In Sect. 6, these observed fields will be compared with the
mean forecasts in the corresponding months, while in Sect. 7 fields in single
months will be examined in order to see if the model -is able to reproduce the
interannual variability of the rainfall data and whether the skill of

short-range forecasts improved from 1981 to 1983.
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4. GLOBAL CLIMATOLOGY OF RAINFALL FORECASTS

As mentioned in the previous section, only three years of data were available
for our computations. Therefore, the mean fields obtained by averaging these
data are obviously only a first approximation to a reliable climatology of
short term rainfall forecasts. Besides, the changes which occurred in these
years in the operational model had an influence on the rainfall distribution,
even though it is difficult to give a quantitative estimate of this effect.
However, despite these limitations, we think that the average fields can
provide useful information about the climatology and the systematic error of

the model's rainfall.

4.1 The zonal distribution

Before looking at the global maps, it is useful to consider the mean
latitudinal distribution of rainfall. Fig.1 shows the zonal means of monthly
precipitation in January, April, July and October for forecasts at D1 and D7,
compared with the mean zonal values deduced from Jaeger's climatology (1976).
The main deviations of the forecast climatology from Jaeger's are an
underestimation of rainfall in the intertropical band and an overestimation
over the extratropical northern hemisphere. An underestimation of rainfall in
the middle latitudes of the southern hemisphere is also evident, but here
Jaeger's climatology is less reliable due to the lack of date over most of the
areas. These differences are present in all the four months and for all the
forecast times; however, as the forecast time increases from D1 to D7, they
tend to be smaller in the tropics and in the northern midlatitude summer,

whereas they increase between 20° and 50°S.

11
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JANUARY APRIL JULY OCTOBER
I

JAEGER 80.2 74.4 86.1 79.2

D+1 67.9 69.6 79.6 71.4

D+2 70.6 70.4 79.3 72.0

D+4 70.5 69.5 74.9 70.4

D+7 72.4 70.6 75.3 71.8

Table 1. Global means of monthly rainfall (mm) in January, April, July and
October deduced from Jaeger's climatology (1976), D1, D2, D4 and D7
ECMWF forecasts.

14



The global mean values of rainfall are coﬁpared in Table 1. Ohe can see that
the short range forecast underestimétes global rainfall ih all months.
However, the global mean increases from D1 to D7 in January, decreases in
July, while there is no significant trend in April and October. Fig. 1 shows
that the January trend is mainly due to an increase of rainfall in thev
tropics, while in July the variations in the tropical distribution are small
and the main effect is the decrease of precipitation in middle latitudes. In
the intermediate months, the tropical and extfatropical vafiations balance

each other.

A be;ter understanding of the model's behaviour can be obtained by separating
the zonal rainfall means over the continents and over the oceans. Fig. 2
shows these values for January and July. Fig. 2a shows that in January,bthe
strong peak over land in‘the tropics is well reproduced by the model, but the
maximum is displaced about 5° southwards and the latitudinal width of this
peak is too large. This causes an overestimation'of about 40%-50% in the
continental rainfall between 0° and 10°N; and between 20° and 30°S. Also in
the continental northern mid-latitudes the comparison with Jaeger's resu‘lts
shows a relatively large overestimation, especiaily for D7 forecaéts, while D7
seems better than D1 in the southern hemisphére. However, the main
differences between the forecast and Jaeger's climatology in January can:be
found over the tropical oceans (see Fig. 2b). Here, D1 values are onlﬁ about
half Jaegér's.estimate and the maximum is displaced 10° to the south. D7
forecasts are mich better between 5°S and 25°N, with the maximum correctly
located between 0° and 5°N. In the northern midlatitudes, the maximum
intensity of the oceanic storm tracks ié 1ocatgd at about 40°N in the
forecast, with no appreciable difference developing during the forecast:

Jaeger puts the track at about 50°N. It is interesting to note that, for the

forecasts, this maximum is even higher than the tropical one.
15



In July over land (Fig. 2c), the forecast amounts considerably exqéed Jaeger's
data between 60°N and 25°S. The main differences are between 10° and 30°N,
and in this band D1 forecasts are better; in particular they have a lécal
minimum at 20°N which corresponds to the Sahara desert. This feature is
present in Jaeger's data and also in D2 forecasts but not at D4 and D7. Over
the oceans (Fig. 2d), rainfall forecasts are once again much lower than
Jaeger's value, but the ratio between tropical and extratropical precipitation
is more similar to Jaeger's value than is found in January. D7 forecasts are
higher than D1 in the tropics and lower in the northern mid—latitudes;. the
relative maximum in the latter area is again further south in the forecasts

than in Jaeger's data, but its amplitude decreases during the forecast cycle.

Before drawing conclusions from these comparisons with Jaeger's data, it would
be useful to check the forecasts against other estimates of mean monthly
rainfall. It is also important to compare the differences between the
forecast and the 'observed' climatologies with the interannual variability of
the monthly values, since part of the;e differences may be simply due to the
small number of years available for the rainfall forecasts. Due to the
limitations of the observed déta, such a comparison is possible only ovef the

continents.

Corona (1978) computed means and standard deviations of zonal means of monthly
rainfall over the northern continents for January and July. He used monthly
observations from about 1300 stations in the period 1935-1975 ana his results
were computed for 5° latitude bands in two areas: Europe-Asia-North Africa
(EANAF) and North America (NAM). Fig.3 compares his values with Jaeger's

data, and with the D1 and D7 forecasts.

16



In January (Figs. 3a and 3b), Jaeger's data are systematically lower than
Corona's except near the pole and, over NAM, south of 25°N. In that area
there is a surprising difference between the two “observéd" climatologies, but
one must remember that here the data refer to a very small area whose station
network is probably far from ideal. Over EANAF (Fig.3a), D1 forecasts fit
Corona's data better than Jaeger's, the differences being of the order of the
interannual variability. The only exception is between 0° and 5°N, where the
forecast values are about twice the observed ones. Over NAM (Fig.3b), south
of 30°N, Corona's data have fluctuations that sometimes bring his values
closer to Jaeger's and sometimes cléser to the forecasts. The forecasts
diverge south of 30°N, but apart from a clear overestimation between 20° and
25°N, it is impossible to have a good estimate of the forecast errors in that

area due to the enormous difference between Jaeger's and Corona's data.

In July, there is a better agreement between the two observed climatologies.
Over EANAF (Fig.3c) D1 forecasts constantly overestimate the observed data,
but the latitudinal distribution is better (morenregular than that of D7
forecasts) and the errors, at least in tﬁe tropics, are again of the order of
the interannual variability. The D1 forecasts also reproduce well the
relative minimum at 15°-20°N in Jaeger's data due to the Sahara désert, which
seems reasonable even though it is missing iﬁ Corona's results. Over NAM
(Fig.3d) the forecast distribution has very large errors over the tropics,
with a maximum displaced 10° to the south with respect to Jaeger's data, and a
general overestimation which is particularly high for D1. Of course, due to
the different area coverage, especially in the tropics, the northern parts of

the zonal profiles shown in Fig.2a and 2c are mainly representative of EANAF.

17
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The main conclusions that can be drawn from the comparisons discussed above

can be summarised as follows:

(a) In the tropics the forecasts produce too much rainfall over land (with a
clear tendency to increase the width of the intertropical convergence zone
over the continents) and too little over the oceans; the former effect being
stronger in July, the latter in January. The forecast error over tropical
oceans is progressively reduced from D1 to D7, especially in January; over
land there is no significant difference arising during the forecast cycle in
winter, whereas in summer the effect of the desert areas is reduced from D1 to

D7.

(b) In the northern mid-latitudes, precipitation is overestimated both over
land and over sea in winter, while it is overestimated over land and
underestimated over sea in summer. However, according to Corcona's data the
overestimation over land in winter is not so strong as it appears when
Jaeger's climatology is used as a comparison, and its magnitude is of the
order of the interannual variability. With the exception of the continents in
July, the D1 forecasts seem to give a better representation of the

precipitation in this area.

(c) In the southern extratropics, the forecasts (especially D7) give
reasonable estimates over land, but underestimate oceanic rainfall over the
oceans, particularly in winter. However, comparison with other observational
studies, besides Jaeger's one, are necessary to have a reliable estimate of

the magnitude of this error.
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It is difficult to explain the systematic errors in the rainfall forecasts in
terms of the physical processes similated by the model only in terms
precipitation data. However, the fact that the systematic error over the
northern middle latitudes has the same features as the tropical error clearly
indicates that the convection processes are not properly simulated in the
model, and too much convection is being generated over land and too little

over the oceans.

The case study presented in Sect.5, -in which the balance between precipitation
and evaporation will be considered, will give a clearer indication about the

possible causes of these errors.

4.2 The global patterns of precipitation

We can now compare in more detail the geographical distribution of rainfall in

the forecast 3-year means and in Jaeger's climatology.

(a) January

Fig.4 shows the D1 and D7 forecasts, the differences between the two, and
Jaeger's data for January. One can easily see that the main differences
between D1 and D7 are in the oceanic patterns. The D7 forecasts show a number
of features that are more similar to Jaeger's data than those represented in
D1; most of them are included in the wide band of high rainfall that covers
the southern part of Africa, the central Indian Ocean, Indonesia and New
Guinea (over which a maximum of more than 500 mm is present in the forecasts),
most of the western border of the Pacific, and from there extends both
eastwards through the equatorial Pacific, and northwards to connect with the

North Pacific storm track. Over this wide band, D7 forecast amounts often
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exceed those in D1. However there is a significant difference between the
forecasts over the eastern tropical Pacific, where D1 better represents the
South Pacific convergence zone (SPCz) around 20°s, and the D7 the

intertropical convergence zone (ITCZ) between 0° and 20°N.

An oceanic feature that is more intense in the forecasts than in Jaeger's map
is~the North Atlantic storm track, particularly at D7, where it links with the
high rainfall area over Central and South America; it is also more intense in
the northern part. BAnother remarkaﬁle difference is associated with thé high
rainfall band in the southern ocean around 60°S in Jaeger's map which is much
weaker and displaced 5°-10° northwards in the forecasts. This band is the
soﬁrce of the marked difference that was noticed in the zonél profile of the

oceanic rainfall in January.

Despite the differences-described above, we can say that on a global scale the
agreement between D7 forecasts and Jaeger's climaﬁology is quite good. The
main differences that arise during the forecast cycle are due to an increase
in convective activity in the intertropical band over the Indian and Pacific
Oceans. The difference mép suggests that this increase is mainly fed by an
intensified water vapour transport from the éurrounding areas; this is
particularly clear over the eastern Pacificﬂwhere an intensifying Hadley
circulation produces more convergence in the ITCZ and removes moisture from
the subtropical areas. Variations in the poleward water vapour transport
appear also to be responsible for the intensification of the northern part of
the Atlantic storm track and the rain belt located around 50°S in the
south-eastern Pacific and southern Atlantic oceans. However, not all the
differences between D7 and D1 can be explained in terms of water vapour

transport or intensified meridional circulation. Sect. 5 will show that the
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increase of globally averaged precipitation shown in Table 1 is fed by an

increase in evaporation which is concentrated over the tropical oceans.

(b) July

Fig. 5 shows the D1 and D7 forecasts, the difference between the two, and
Jaeger's data for July. The differences between the D7 and D1 forecasts have
a similar pattern to those found in January (compare Figs 4c and 5c¢), but they
are stronger over many areas. The convective activity in the ITCZ clearly
increases in intensity from D1 to D7 over almost the whole equatorial region;
in particular, this also occurs in the Atlantic, whereas in January the
opposite trend appears in the forecasts over this area. It is also evident
from Fig. 5c¢ that the rainfall increase is supported by an increase in the
moisture convergence due to a stronger Hadley circulation which removes water
vapour from the subtropics. However, even if the poleward motion in the
extratropics is considered, the water vapour transport cannot account for the
large areas in the subtropics and mid-latitudes Where the rainfall is
significantly higher in D1: actually, the mean global precipitation decreases
by about 5% from D1 to D7. A remarkable decrease can be seen over South
Bmerica, and this is also apparent (see Fig.2c) in the zonal profile between
10°S and 30°S. Large areas over the northerﬁ continents experience a less
intense but clear decrease in rainfall during the forecast cycle. Therefore
the comparison with Jaeger's data suggests that an excess in convection over
land in the first few days of the forecast removes water vapour from the
atmosphere over the continents at such a rate that evaporation and moisture
convergence from the sea are not able to compensate, and consequently this
gradually reduces the convective activity itself. Even though the D1 global
mean is closer to Jaeger's value, the local reductions in rainfall from D1 to

D7 tend to improve the rainfall distribution.
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4.3 The partitioning amongst rainfall classes

We:now‘briefly discuss the COntfibution of rainfall events of”différent
inténsity to the monthly totals. As mentioned in Sect.3, we have divided
dailyfrainfall into fhree‘classes (0-2 mm/day, 2-20 mm/day, above 20 mm/day)
and have computed thé total moﬁthly amount due to each class. 'Letfﬁs first
look atkthe mean global values for January and July (see Table 2). The
fractiénal contributions of the three classes to the total monthly values show
only gmall variations during the forecast cycle and between different months,
the values ranging between 9-10% fo: Class I, 55-59% for Class II and 30~36%
for Class III. However, in January a small but constant trend can be nbted
towards an increase in Class III and a decrease of the other two. This is due
to the fact that Class III accounts for mosﬁ of the increasing trend in
January global precipitation, while the contributions of the other two classes
are nearly constant. In July, no significant trend can‘be found; the deérease
in global rainfall from Di to D7 is almost equally distributed between Class

II and Class III.

The geographical distribution of réinfall for the three classes is shown ih
Figs. 6,7,8; each_of these shows the D7 distribution and D7-D1 differehce for
January and July.k Fig.6 shows that the foreqast rainfall iﬁ Class I‘mainly-
occurs in two bands - one in the ITCZ and another one over the winter high
latitudes, the latter being more realiétic than the former. The main
variations during the forecast cycle occur in the ITCZ: in both months there
is an inc¥ease over Brazil and Central Africa. However, the January maps show
a general decrease over the oceans, while in July areas with positive -

variations are also present in the Indian and the Pacific Oceans.
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JANUARY

CLASS III

Table 2.

CLASS I CLASS II TOTAL
D1 6.9 (10.2%) 40.2 (59.2%) 20.8 (30.6%) 67.9
D2 7.0 (2.9%) 41.4 (58.6%) 22,2 (31.5%) 70.6
D4 6.9 (9.8%) 40.4 (57.3%) 23.2 (32.9%) 70.5
D7 6.6 (92.1%) 39.9 (55.1%) 25.9 (35.8%) 72.4

JﬂLY

CLASS I CLASS II CLASS III TOTAL
D1 6.8 (8.5%) 43.8 (55.0%) 29.0 (36.5%) 79.6
D2 6.9 (8.7%) 45.5 (57.4%) 26.9 (33.9%) 79.3
D4 7.0 (9.3%) 42.8 (57.1%) 25.1 (33.6%) 74.9
D7 6.8 (9.0%) 41.8 (55.5%) 26.7 (35.5%) 75.3

Globally averaged contributions to the mean monthly precipitation
(mm) in January and July due to daily rainfall less than 2 mm
(Class I), between 2 and 20 mm (Class I1), greater than 20 mm
(Class IXI), deduced from D1, D2, D4 and D7 forecasts. In
parentheses, these values are expréssed as percentage of the total
amounts.
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Class II rainfall accounts for most of the total rainfall so the maps in Fig.7
resemble very closely the maps of total rainfall given in‘Figs. 4 and 5. It is,
however, more interesting to consider the Class III rainfall. Fig.8 clearly
shows that in the forecasts high rainfall cases are concentrated in the
tropical areas and in the oceanic storm tracks. A remarkable feature is the
almost complete absence of intense réinfall over the middle latitude
continental areas in January. It is evident from these maps that rainfall
over 20 mm/day is generated by the model almost exclusively by convection;
conversely, we know that over the néréhern extratropics in winter, intense
rainfall can also be generated by large scale or orographic ascent, and give a
considerable contribution to the monthly totals. This feature of the
systematic error in the model rainfall forecasts had already been detected in
the previous verifications referenced in Sect.3 and will be clearly evidendéd
in Sect.6, where the forecasts will be compared with observed data over

Europe.

The evolution of Class III during the forecasts cycle is different in the two
months. In January, Class III variations account for a great part of the
total monthly variation in the tropics, as can be seen by comparing Fig. éb
with Fig.4c. The comparison with Fig.8a alsd shows that some of the intense
rainfall areas present at D7 over the tropical oceans are almost entirely
generated during the forecast cycle; the belt in the equatorial eastern
Pacific is particularly evident. On the other hand, in July the tropical
variations are accounted for by both Class II and Class III in nearly equal
proportions; a notable exception is the extinction of the high rainfall area
over South America, which was generated by intense convective rainfall. Also,
the convective activity o&er the midlatitude northern continents shows a

general decrease.
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5. . A CASE STUDY OF THE HYDROLOGICAL BALANCE IN JANUARY AND JULY 1983

A further insight into the possible causes of the systematic error in rainfall
forecasts can be obtained from the investigation of the balance between
precipitation and evaporation in the model. A detailed study of the full
hydrological cycle of the model is beyond the scope of this report, so we
shall mostly limit ourselves to the comparison of global and zonal means of

precipitation and evaporation for January and July 1983.

5.1 January results

The results concerning the forecasts hydrological balance in January 1983 are
presented in Figs. 9a, 10, 11 and 12. Fig. 9a shows the global means of
monthly forecasts of precipitation and evaporation. The zonal means of
precipitation for the whole globe, the continents and the oceans are presented
in Fig. 10, while the corresponding values of evaporation and precipitation

minus evaporation are shown in Figs. 11 and 12 respectively.

For the precipitation data, a first comparison can be made with the values for
the 3-year means shown in Table 1 and in Figs. 1 and 2, in order to check if
strong anomalies are present in the 1983 forecasts. Actually, even though the
global means for January 1983 are less than those for the 3-year climatology,
and some small improvements can be seen in the representation of tropical
rainfall, the trend during the forecast cycle and the zonal distribution are

very similar.
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Fig.10 (a) Zonal means of monthly precipitation (mm) in January 1983 from D1
and D7 forecasts compared with Jaeger's climatology (1976) for
January; (b) as in (a) but only for continental areas; (c) as in (a)
but only for oceanic areas.
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Figs. 9a and 11 show that this increasing trend in January rainfall is fed by
an increase in global evaporation that occurs mainly between 20°N and 40°S,
and is particularly evident over the oceans. Despite the fact that from D2 to
D7 the increase in global evaporation exceeds that in global precipitation,
there is a considerable excess of precipitation (16-19%) during the first days
of the forecast cycle with only a slow tendency towards a balance. When mean
daily values are considered, a rough calculation indicates that, during the
first 180 hours of integration, the model removes from the atmosphere a global
average of about 3 mm of precipitable water. According to Peixoto and Oort
(1983), the actual global average of precipitable water in January is about
24 mm, which means that 12% of the actual global content of water vapour is

removed from the model atmosphere in the first seven and a half days.

From Fig. 9a one can see that there is only a negligible change in evaporation
from D1 to D2, whereas a significant increase in precipitation occurs. When
zonal means for D1 and D2 (not shown) forecasts are compared, we can see that
this increase is concentrated in the ITCZ over the continents and is probably
due to an intensification of the divergent circulation in the model -~ in other
words, D1 convective rainfall still suffers from spin-up problems. After D2,
the decrease of atmospheric moisture due to the imbalance between
precipitation and evaporation prevents a further increase in the former, but
intensifies the latter until, from D4 to D7, a new increase in precipitation
is possible due to an enhanced supply of water from the surface, particularly

from the oceans.
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It .is not only the glbbal value of evaporation that appears to be incorrect.
From Fig.11 and Fig.12 it is evident that over the continents evaporation
mainly occurs in the Southern Hemisphere (as seems reasonable); however, over
the oceans values considerably greater than the global mean occur only between
10°N and 45°N, and at D1 thié oceanic band appears to be the only part of the
globe in which in January the model produces an excess of evaporation over
precipitation. On the contrary, the evaporation over the oceanic southern
extratropics is very low. When Fig.11c is compared with Fig.10c¢, which shows
the precipitation over the sea, one can easily see that the strong peak
between 30°N and 40°N, the relative maximum around 60°N and the very low
values of evaporation south of 40°S have a clear correspondence in the
overestimation or an underestimation of rainfall in comparison with Jaeger's
data. A comparison (not shown) between values of convergence of water vapour
flux computed from uninitialised analyses and D1 and D7 forecasts indicates
that errors in the meridional transport of moisture can only account for
25-50% of the difference between forecast precipitation and Jaeger's
climatology between 20°N and 10°S, while negligible errors occur in the
extratropics. Despite the uncertainties that affect Jaeger's climatology, it
seems plausible to argue that the anomalous distribution of evaporation over
the oceans is related to a large part of the systematic error in the rainfall
forecasts, even though this does not necessarily mean that the former is the

ultimate cause of the latter.

5.2 July results

The global means shown in Fig. 9b for July 1983 indicate a general decrease of
rainfall during the forecast, particularly strong between D2 and D4, as can be
seen also in Table 1 for the 3-year means. Between D1 and D2 the global

rainfall is nearly stationary (1983 values show a small increase, while the
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3-year means an even smaller decrease); between D4 and D7 rainfall is again
nearly constant in the 3-year value, whereas the 1983 data show a further, but
more limited, decrease. Apart from the trend, the 1983 values are

systematically 5-10% lower than the 3-~year means.

From the global means of evaporation shown in the same figure, one can deduce
that the rainfall decrease is related to a strong excess of precipitation over
evaporation in the first days of the forecast. Despite the fact that this
imbalance is mich stronger than in January in the first 2 days ( 28%), the
linear increase in evaporation and the decrease of precipitation produce, by
D7, a mich better balance than in January; however, while in January the
global value of precipitation tends (slowly) towards Jaeger's climatology as
the forecast proceeds, in July the balance is (more rapidly) reached and this
increases the gap between Jaeger's data and the forecasts. In the first 180
hours, about 3.5 mm of precipitable water is removed from the atmosphere,
which represent 13% of the actual mean value of 26 mm deduced for July by

Peixoto and Oort (1983).

We now examine the latitudinal distribution of precipitation (Fig. 13) and
evaporation (Fig. 14) in July 1983, and the difference between precipitation
and evaporation (Fig.15). Comparing Fig. 13 with Figs. 1 and 2 (which show
the same fields for the 3-year climatology), it is evident that, as in the
January case, the zonal distribution of rainfall is very similar. In general
a better agreement between 1983 forecasts and Jaeger's data can be seen in the
equatorial region, but greater discrepancies are present over the ocean in the

Southern Hemisphere.
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Also many features of the evaporation distribution have a clear couhterpart in
the January profiles. Over the continents the evaporation has its maxima in
the equatorial band and in the summer hemisphere (in this case the northern)
and shows very little variability during the forecast. The evaporation over
the oceans has a maximum near 20°S and very little evaporation in the
extratropics of the summer hemisphere; a considerable increase occurs between
D1 and D7 in all the tropical areas, a more limited one in the southern
mid-latitudes. However, the main difference from the January distribution is
that the relative minimum at the equator and the secondary maximum between
10°N and 20°N are more evident than their counterparts in the January profile.
This secondary maximum has a very strong increase during the forecast cycle.
Therefore, if at D1 the oceanic band between 10°S and 30°S is the only part of
the globe in which the model generates a significant excess of evaporation
over precipitation, then at D7 also the band between 15°N and 30°N acts as a
considerable net source of water vapour for the model atmosphere. It is
worthwhile noting that in their respective winter periods, the southern
mid-latitude continents are a mich stronger 'sink' of atmospheric water vapour
than the northern ones, which partially compensates their more limited

extent.

In the July forecasts an interpretation of local errors of precipitation in
terms of evaporation deficit is more arguable than in the January case, since
the stronger discrepancies between the forecasts and Jaeger's data occur in
the Southern Hemisphere where evaporation has its maximum and Jaeger's
climatology is less reliable. Besides, differences between moisture
convergence in the analysis and the forecasts (not shown) are able to account
for a good part of the rainfall error north of 40°N and near the equator. So,
the deficiency in moisture supply from the surface seems to be concentrated in

the subtropics, where one can see the greatest increase in evaporation from D1
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to D7. Since prediction precipitation actually decreases from D1 to D7 over
most of the globe, it is clear that this increase in evaporation simply
compensates for part of the moisture which is removed from the model

atmosphere in the first part of the forecast.

5.3 Discussion of the results

We have seen so far that the imbalance between precipitation and evaporation
can account for most of the discrepancies between predicted rainfall and
Jaeger's climatology, at least on a»global scale. To find the cause of such
low values of evaporation (both in January and in July) becomes therefore the
key question. Heckley (1985) identifies the cause as being an excess of
moisture in the model atmosphere at low levels. This excess could be
generated by the excess of evaporation over precipitation in the first 6 hours
of forecast due to the spin-up problems characteristic of the model
convection; over the oceans, the lack of reliable data (or an incorrect
treatment of the few available ones, mostly surface data) prevents an adequate
correction of the first guess during the analysis step. More importantly,
Heckley (1985) suggests that the absence of a parameterisation of the effects
of a shallow convection may be the main cause of the model's inability to
transport moisture upwards, from the lowest levels to the ﬁop and out of the
boundary layer, so as to allow new moisture to evaporate from the underlying
surface. Tiedtke (1984) also pointed out the need for a shallow convection
parameterisation in order to ensure a realistic structure of the planetary
boundary layer in the subtropics. Shallow convection allows the accumulation
of water vapour at the top of the mixed layer, below the inversion caused by
large~-scale subsidence and its transport by‘trade winds into the ITCZ.
Tiedtke (1984) showed that the effects of shallow convection can be
represented in the model by means of an adequate parameterisation of turbulent

fluxes of heat and moisture.
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The need for an improvement in the representation of vertical diffusion of

waer vapour is also evident from our results.

In southern mid-latitudes in January and in northern mid-latitudes in July,
the oceanic evaporation is very low, and remains low on D7 despite the excess
of precipitation over evaporation. Also in the tropics, the oceanic
evaporation, even though it increases during the forecast, remains below the
value required for a global balance during the entire 10-day period despite

the excess of precipitation.

So if the excess of water vapour in the lowest level of the model is
maintained up to D7 while the overlying layers become increasingly drier,

' the vertical diffusion in the boundary layer must clearly be insufficient.
However, since evaporation is simply the lower boundary condition for the
vertical water vapour flux, we are induced to suppose that, with the present
scheme, the evaporation in oceanic areas would be insufficient even in the
presence of a correct initial distribution of low-level atmospheric

moisture.

Evaporation, on the other hand, is not insufficient everywhere. Another
problem is represented by the large amount of evaporation over the oceans
between 30° and 40°N in January, which is related to excessive (compared to
climatology) rainfall in the storm tracks. Since the observed climatology is
less reliable over the oceans and the evaporation is on average
underestimated, is tempting to suppose that the actual rainfall in those areas
might be underestimated by Jaeger's data. However, even taking this into

account, the difference in oceanic evaporation between the mid-latitudes of
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the two hemispheres remains very high. A possible alternative explanation is
thét the dependence of the drag and exchange coefficients on the static
stability near the surface is too strong. Over the oceané this would cause an
excess of evaporation in winter and a deficit in summer; this agrees with the

model's behaviour.

To conclude this discussion about the systematic errors in the hydrological
balance, we can consider what part of the systematic error in the model's
large-scale circulation is the model's own dynamical response to the erroneous
latent heat release. The link betwéen the deficit in tropical precipitation
and the cooling of the tropical mid-troposphere has been documented by Heckley
(1985). Kanamitsu (personal communication) showed by a numerical experiment
that the systematic error in the tropics is strongly reduced when a
'climatological' release of latent heat replaces the thermal forcing produced
by the convection scheme. It is not unrealistic, therefore, to suppose that
the systematic error in the tropics may have an effect also on the

extratropical circulation after some time.

Systematic errors in latent heat release occur also in mid-latitudes. If we
assume that the vertical distribution of the erroneous (poéitive or negative)
latent heat release is similar to the one deauced by Newell et al. (1974) for
the actual atmospheric field, we can convert it into an equivalent daily error
in thickness of the 500-1000 mb layer, and compare it with the observed growth
rate of the systematic error of this quantity during the same forecast
interval. Fig.16 shows the corresponding maps for January deduced by D1
forecasts in 1981/83; as usual, Jaeger's ciimatology has been used to compute

the rainfall systematic error. One can see that some of the large scale
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features have a quite good correspondence in the two maps, especially over
Asia'and the Western Pacific Ocean. Obviously, many of the main features inr
the observed thickness error have (totally or partially) é dynamical origin
(see, for example, Wallace et al. 1983) and the error in precipitation may be
a consequence of this dynamical error. On the other hand, the poor
correspondence between the amplitude of the positive errors over the Atlantic
and the Central and Eastern Pacific Ocean might be due either to the
uncertainty in rainfall climatology or to compensating effects, such as an
excess of cold air advection or adiabatic cooling, that could counterbalance

the anomalous release of latent heat.

In conclusion, it seems that the error in latent heat release can give a
significant contribution to the climate drift of the model atmosphere. A
number of sensitivity experiments are therefore needed to clarify the role of
the hydrological cycle in determining the long-term climate of the model, not

only in the tropics but also in the mid-latitudes.

53



6. COMPARISON BETWEEN OBSERVED AND PREDICTED
MEAN FIELDS OVER EUROPE

In the previous sections, we have compared the mean rainfall fields computed
from three years of short range forecasts with the long term global
climatology. These comparisons showed the main features of the systematic
error of the rainfall forecasts but they were affected by two sources of

uncertainty:

(a) the limited reliability of the observed climatology;

(b) the fact that a three-year mean may significantly deviate from a long

term mean because of the limitation of the sample.

For these reasons, it is interesting to compare the mean predicted fields with
actual observations recorded in the same period in an area where a dense
network of stations exist. Europe was chosen for this verification, and in
Sect.3 the procedure used to produce grid point values from station reports
was explained. As already indicated, the grid used is that of the N48
grid-point model, which has a resolution of 1.875° in latitude and longitude.
We also recall that each grid point value was derived from data of at least
two stations, and only grid points with values for all the three years were
considered. The resulting number of points used in the verification was 184
in January, 203 in July, 204 in April and October. The geographical
distribution of these points is shown in Fig.17a, where the number above each
point indicates in how many of the four months the data were available in all
the three years. Figs. 17b, ¢ and 4 show the three different represenfations

of the orography used in the ECMWF model during the three year period.
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6.1 Variations in the skill of the forecast

Before discussing the maps of the observed and predicted fields, let us
consider some indices of the skill of the precipitation forecasts over the
whole area. In Table 3 the following values are listed for all the months,

forecast times and classes of precipitation considered in this study.

50 spatial’mean of the observed precipitation
§F spatial mean of the forecast precipitation
€ = §F - 50 spatial mean of the forecast error
|E| spatial mean of the absolute forecast error

For the total monthly rainfall, the percentage of points over which the
monthly value is correctly estimated (CES) underestimated (UES) or
overestimated (OES) by the forecasts are also indicated. A forecast was

considered correct if:

TS g 5 1.5 or PF - PO < 10 mm

The following can be deduced from Table 3:

. The model gives a quite good estimate of the mean rainfall over Europe
in January but overestimates it in the other months. This overestimation is
tolerable in October and from D4 onwards in July; it is however considerable

in April and in the first part of the forecast in July.
° The number of grid point values correctly estimated is quite godd,

ranging from 67.6 at D1 in October to 45.1 at D7 in April; the percentages

are always above 50%, except at D7 in April and July.
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® The mean absolute error is of the order of 30 mm in all months and
ranges from 27.0 (32.0% of the mean actual value) and D1 in October to 38.9

(66.3%) on D1 in July (the worst relative value is 69.9% on D7 in April).

L] During the year there is a continuous shift of the forecast time at
which the forecasts have the best skill. In October, D1 forecasts are the
best according to all the three scores (E, |E| and CES), with a clear decrease
of skill between D1 and D2; in January D1 and D2 are nearly equivalent, the
main decrease in skill being between D2 and D4; in April the skill on D1, D2
and D4 is nearly identical, and conéiderably better than on D7 especially with
regard to CES; finally, in July, the skill clearly increases from D1 to D4
(which is the best forecast time according to both |E| and CES), then

decreases again on D7.

° Rainfall Class I is overestimated by about a factor of 2 during the
whole year. This overestimation is uniform over all Europe, as can be seen by

the fact that € and |€i are nearly identical in all months and all forecast

times.

® Rainfall Class II is also overestimated in all months, but the mean
error is only a fraction of the actual mean value and there are areas where an
underestimation occurs: +the mean proportional error during the forecast cycle
ranges from 28% in July to 56% in April, and the absolute error from 42% in

October to 71% in April.
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° Rainfall Class III is poorly estimated during the whole year.. The mean
absolute error has nearly the same magnitude of the actual value, except in
October, when it is about 70%. In April and July both overestimations and
underestimations occur locally, so that the mean error is small, while the
underestimation is prevailing in October and strongly dominant in January,
when the forecasts account for only 20-30% of the mean observed value in this

class.

6.2 Geographical distribution of the systematic error

We now examine the geographical disﬁribution of the systematic error over
Europe. Fig.18 shows the actual mean values, the mean forecast field on D1,
the mean error of these forecasts and the ratio between forecasts and
observations for January. In the ratio map the values are expressed as
percentages and a small number of stations that had an observed rainfall less
than 20 mm have been excluded so that a value between 67 and 150 indicates a

correct estimate according to our criterion.

It is evident from Fig.18 that the main éource of error in the forecast is the
excessive smoothness of the model's orography. In the observed fields, the
highest values are obviously over the mountains, and particularly'on the
western side of the mountain chains which are close to the Atlantic coast.

The maxima are reached in the south-western part of Norway, with values of the
order of 300 mm. A strong decrease of rainfall can be seen in the lee
(generally, the eastern) side of the mountains. Again, the effect is
particularly evident in Scandinavia, but the difference can be seen al;o in
Scotland and even betwegn the western and the eastern coast of Italy. Over

the Alps, the mean flow in January is from north-west, and the strongest
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gradient of precipitation can be found along this direction. The variations
in>the rainfall distribution caused by the mountains are heavily
underestimated in the forecasts as was already noted by Johannessen (1982) for
the Alpine region and by Heckley (1981) for the Andes. Predicted rainfall is
mich below the observed values over the Alps, in western Spain and on the
Norwegian coast. Even though the forecasts show a difference between the
western and the eastern part of Scandinavia, and the maxima can be found close
to the observed ones, the gradient is too weak and rainfall over central

Scandinavia is strongly overestimated.

Conversely, the skill of the forecasts is good over the plains. We can
compare the percentage of correct estimates over the whole of Europe with the
same score computed in three selected regions shown in Fig.17a, each one
including 25 stations: western Scandinavia (WS), the Alps and the central
Mediterranean coasts (AM) and the plain in northwestern Europe (PB). Over WS
and AM, there are two areas with strong orographic gradients, CES are 44% and
40% respectively, whereas they are 80% over PB; the value computed from all

the European stations is 60.9%, as shown in Table 3.

The verification maps for July, which compare observations with D4 forecasts,
are shown in Fig.19. They indicate that in éummer the orography is again the
main source of error but with the opposite effect, too much convective
rainfall being generated over the mountains, particularly over the Alps.
Comparing Fig.19 with Fig.17c,d one sees that the forecast rainfall pattern
over Europe closely resembles that of the orography used in the model.

Tibaldi (1982) showed that the erroneous diffusion of temperature and moisture
over sigma surfaces in mountain areas was the main source of the strong excess

of convection generated by the model after the introduction of a more
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Fig. 21 Contribution to the 3-year means of monthly precipitation (mm) over
Europe due to daily rainfall greater than 20 mm (Class III).
(a) observed values in January; (b) D1 forecasts in January;
(c) observed values in July; (d) D4 forecasts in July.
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realistic orography in April 1981 (Fig.17c). Since a new horizontal diffusion
schéme, which approximates diffusion over constant pressure surfaces, was
introduced at the end of September 1981, the excessive cohvection over
mountains has been reduced but not eliminated. This seems to indicate that a
number of different causes, including natural oversensitivity of the Kuo
scheme and residual spurious diffusion, contribute to the incorrect behaviour

of the convection scheme in mountain areas.

The percentages of CES over the three selected areas are 44% (WS), 48% (AM),
68% (PB) while the total European value is 56.2%. Also in July, the skill of
the forecasts over the plains is considerably better than over or close to the.

mountains, but the difference is not as noticeable as in winter.

6.3 The results by rainfall classes

We can now examine how the contributionsvdue to light (Class I) or heavy
(Class III) daily rainfall are simulated in the forecasts. Fig.20 shows the
observed values in Class I and the corresponding errors for January and July.
One can see that this rainfall class is overestimated at almost all the
stations, the errors being of the same order of magnitude of the observed
values. In Fig.21, the observed and the forecast values of‘rainféll Class III
are compared for January and July. In all the maps only the points (or the
areas) with a three-year mean vélue greater than 20 mm are plotted and one can
gsee a clear correspondence between the distribution of the observed values and
the orography. In July, the distribution of the forecast values is rather
similar to that of the observed ones, even though there is an underestimation
in the Balkan region and an overestimation on the eastern Alps; conversely,
in January there is very little rainfall in Class III forecasts over the whole

of Europe so that the three-year mean is below 20 mm on almost all points.
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6.4 Concluding remarks

We conclude that, over Europe, deficiencies in the representation of the
orographic and convective processes are the main sources éf systematic error
in the rainfall forecasts. In winter, the excessive smoothness of the mﬁdel
orography produces an underestimation on the windward side of the mountains
and an overestimation on the lee side, and prevents the simulation of intense
rainfall due to orographic lifting. In summer, the diffusion scheme and the
parameterisation of convection interact negatively and generate an excess of
precipitation over the areas in which the model orography is steep. Over
areas with smooth topography, an underestimation of rainfall prevails, even if
a number of local exceptions still exist (the mean error over PB areas is only
-4 m). The underestimation is stronger where the model orography fails to
represent the actual topographic gradients. These results are in good
agreement with the conclusions of the large scale verifications over the .
northern extratropical continents, presented in Sects. 4 and 5, and with those

of the previous verification studies referred to in Sect.2.
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7. THE INTERANNUAL VARIABILITY OF RAINFALL FORECASTS

In>all the previous verifications, three-year means of rainfall forecasts were
compared with climatological or observed fields. In this section, monthly
fields computed from forecasts in individual years (1981, 1982, 1983), as well
as differences between two different years, will be compared.with the
corresponding observed fields over Europe. The reasons for doing this are

the following:

L] to evaluate the impact of the model changes which occurred in the
three~year period, especially changes in orography, and to see whether the

skill of rainfall forecasts improved from 1981 to 1983;

o to verify whether the results deduced from three-year mean fields are

valid also for single-year fields;

® to evaluate the skill of the forecasts in reproducing the observed

interannual variability of monthly rainfall.

To discuss these problems we need to refer to Table 4, where the mean observed
rainfall 50, the mean forecast rainfall EF' the mean errorig, the mean
absolute error el and the percentage of correct estimates CES are listed for
all the three years, the four months and the four verification times
considered in this study; values for the 3-year means are also listed for

comparison.
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7.1 Effect of model changes
Let us first discuss the effect of the changes that occurred in the model
during the three years; the three changes that had the strongest impact on

rainfall distribution in the 1981-83 period were:

L the introduction of the mean orography (Fig.17c) in the grid point model

on 1 April 1981;

L] the modification of the horizontal diffusion scheme for temperature and

moisture on 29 September 1981}

L the introduction of the new spectral model with an envelope orography

(Fig.17d) on 21 April 1983.

It is useful to remember that in the new spectral model rainfall is calculated
on a Gaussian grid in which the latitude lines do not coincide with those of
the previous N48 grid. Therefore, the grid point values used in this
verification from 21 April 1983 onwards are linearly interpolated from the two
nearest Gaussian grid points on the same meridian. This may cause a little

smoothing of the rainfall forecasts in July and October 1983.

The effect of the éhanges which occurred in April and September 1981 are
evident by comparing the scores for 1981 months with those for the following
two years, see Table 4. Whereas the scores are not very different in January
and October (surprisingly, October 1981 has the highest percentage of correct
estimates in the entire sample), the forecasts in April and July 198{ (when
the mean orography but still the uncorrected diffusion scheme was used) were

much worse than in the following years.
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Conversely, no significant change can be seen after the introduction of the
spectral model; if there was a small improvement, this has been masked by the

interpolation.

T2 Comparison of individual years with the 3-year mean

We now compare the skill of the forecasts in individual years with that of the
3-year mean, see again Table 4. In January, on D1 and D2 both IE[ and CES
were significantly better for the 3-year mean than for any individual year.
In general, the mean absolute error has its minimum on D1 and CES its maximum
on D2 but, as in the 3-year mean, tﬁe scores of D1 and D2 are very similar.
An improvement of the scores from 1981 to 1983 becomes much more evident when
going from D1 to D7, and by D7 the skill of the 3-year mean is comparable with

that of 1983.

In April, the skill of the 3-year mean is influenced by the large errors which
occurred in 1981, and it is similar to that of the last two years on D1 and:
D2. On D4 and D7 there is again an improvement from 1981 to 1983 and the
scores of the 3-year mean are only slightly better than those of 1983. The
scores of D1, D2 and D4 are practically the same for the 3-year mean, and are
also very similar in the individual years, even if a slight decrease of skill

from D1 onwards can be seen in 1982.

For July, despite the errors in the 1981 fofecasts, the 3—yeér mean has
significantly better scores than both 1982 and 1983 (with the exception of IEI
on D1). D4 forecasts generally have the best skill in individual years, even
if in 1983 D1, D2 and D4 are comparable. However, this is due to D4 scores
being worse in 1983 than in 1982, rather than because the skill improved on D1

and D2 in 1983.
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In October, the three years have similar mean absolute errors, but the
pércentage of CES is surprisingly better for 1981 than for the other two
years. The scores of the 3-year mean are considerably better than those in
individual years, except for the CES of 1981. The clear decrease of skill
from D1 onwards seen in the 3-year mean is mainly a reflection of the trend in
1981, since in the other two years the scores show comparable values on D1, D2

and D4.

Summarising the results in individual years, and excluding extreme cases,
conclude that the percentage of correct estimates according to our criterion
is about 50% on D1, D2 and D4 in all months except July, when it is about 40%
on D1 and D2 and 45% on D4. These scores are about 10% lower than the
corresponding values for the 3-year means, except in April, when the influence

of the 1981 data is stronger and the difference is reduced.

7.3 Examination of the interannual variations in observed
and forecast rainfall

If we examine the correspondence between the interannual variations in the
mean observed rainfall 50 and in the mean forecast rainfall iF' the results
are not very encouraging. However, in order to have a better idea of the
skill of the model in reproducing the interannual variability, the following
values have been computed for the three pairs of years available (1982-81,
1983-82, 1983-81), the four forecast times and the months of January and

July:
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where ' and " indicate values in different years and the overbar the Spatial
average. Here, 60 anchF are the mean absolute values of the interannual
variations in the observed and the forecast rainfall,  is the mean absoiﬁte
error of the forecast variation and o is a correlation coefficient between the
two variations computed using square roots of rainfall data in order to avoid
an excessive influence of the high values. These statistics are shown in

Table 5.

Unfortunately, the strong excess of rainfall over the mountains in July 1981

limits the significance of the July data in two of the three casés, but at

least the correlation coefficients can give some useful indications. If we
compare 60 with GF and n in the three January cases‘and in the July 1983-82
case, we see that the mean amplitude of the interannual variability is
correctly reproduced in the forecasts, but the errors are of the same order of
magnitude of the variability. In all cases the correspondence between
observed and forecast variations decreases progressively from D1 to D7, with

only few deviations from this trend.
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D1 D2 D4 D7

§ § §

o - n P g P |65 n AR S n P
JBN
82-81(47.1| 35.3 50.1 .395 {38.3 53.4 .359 [31.9 57.3 .225 [37.8 64.0 .072
83-82|51.8| 43.9 46.4 .645 |48.1 48.3 .618 [42.2 48.8 .572 [|37.2 46.0 .590
83-81|37.2| 40.4 38.3 .530 {40.5 41.0 .474 (38.5 42.4 .381 [35.6 49.0 .189
JULY
82-81(42.6| 77.5 78.0 .361 |71.3 75.1 .286 |57.1 62.5 .22 47.4 61.0 .090
83~-82|34.6| 36.3 43.7 .327 [36.0 44.5 .290 {31.7 47.1 .113 |31.6 50.2 .013
83-81|45.8| 81.5 78.2 .430 |74.8 72.2 .448 [67.9 68.1 .310 [61.4 68.6 .129
Table 5. Indices of interanmial variations deduced fram chserved and predicted values of

monthly rainfall in different years over ~200 BEuropean grid points. Predicted
values are ocamputed fram D1, D2, D4 and D7 foreaasts.

)
o
6F

n

observed mean absolute variation (mm)

predicted mean absolute variation (mm)

mean absolute error in the interanmal variatjons (ram)

spatial correlation coefficient between the observed and predicted
interanmual variations.
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The correlation coefficients are rather poor in July, though they improve in
January (particularly for the 1983-82 case). Apart from the fact that the
forecasts are more skillful in January, these differenceé also reflect the
changes which occurred in the model: the January 1983-82 variation is the
only case in which no significant change occurred in the model in that period,
and the corresponding correlation coefficients are by far the best, especially
on D4 and D7. With the exception of this case, correlation coefficients on D7

are not statistically significant.

The results discussed above seem to leave little hope for a practical use of
the operational short range forecasts in studies about the interannual
variability of precipitation. A necessary condition for such studies to be
useful is the stability of the model, which is not always possible for obvious
operational reasons. However, since the most important factor that can change
the rainfall distribution is the choice of orography, the possibility remains
that the short range forecast could reproduce the interannual variability over
the oceans, despite the large systematic errors occurring in those areas. To
test this possibility, we compared the difference in D1 precipitation over the
Pacific between January 1983 and January 1982 with the anomalous outgoing
longwave radiation in January 1983 as deduced from NOAA satellite data. As is
well known, a strong "El Nino" anomaly occurred in the autumn of 1982 and in
winter of 1983 in the surface temperature of the tropical Pacific. Fig.22
compares the rainfall difference deduced from D1 forecasts with the anomaly
anomaly of ocutgoing radiation deduced from satellite data and published in the
Climate Diagnostics Bulletin (NORA, 1983). This anomaly can be interpreted in
terms of anomalous cloudiness. Areas with increased rainfall and cloudiness

are shaded in the figure.
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It is evident from the maps that at least the main structure of the rainfall
anomaly, not only in the tropical area but also in the storm track, has been
captured by the model. So it is reasonable to hope that, when the sources of
the large systematic errors over the oceans and over the mountain area afe at
least partially removed, the short range rainfall forecasts will be an
invaluable tool in the diagnostics of the interannual variability of
precipitation, especially in the extratropics where observational satéllite

techniques are less useful.
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8. CONCLUSIONS

In the previous sections, monthly rainfall fields deduced‘from short range
numerical forecasts were compared with estimated rainfall climatologies on the
glébal scale and with observed data over Europe. Even though the forecast
rainfall distribution reproduces almost all the main features of the observed
distribution, considerable systematic errors are present. Our results can be

summarized as follows.

® The forecasts underestimate mean global rainfall during the whole year,
the error ranging from 5 to 15% depending on the month and the forecast time;
the amplitude of the error decreases from D1 to D7 in January, increases in

July and is nearly constant in the intermediate seasons.

L] Too much rainfall is forecast over the continents both in the tropics
and in northern mid-latitudes in summer. A smaller overestimate over the
northern extratropical continents seems to occur also in winter, but in many
areas the differences between D1 forecasts and the observed climatologies are
of the order of the interannual variability and/or of the observational

uncertainty.

L Over the oceans, large underestimations of rainfall occur in the
forecasts, especially in the tropics (where the error decreases rapidly with
forecast time) and in the southern hemisphere. Over the northern
extratropical oceans, the underestimation occurs only in summer, whereas in
winter an excess of rainfall is observed, particularly in the region of the

storm tracks between 30° and 40°N.
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L Both in January and in July there is a large global excess of
precipitation over evaporation, which tends to decrease with forecast time due
to a roughly linear increase of evaporation. Zonally integrated forecast
evaporation over the oceans shows an anomalous distribution, being much
greater in the winter hemisphere than in the summer one. In January, a good
correspondence can be found between these anomalies and deviations of forecast

rainfall distribution from Jaeger's climatology.

® A comparison with observed data over Europe indicates that, with the»
exception of January, the forecasts overestimate the mean precipitation in
this area. The main errors in the geographical distribution are strongly
related to the orography. In January too little rainfall is generated on the
windward side of mountains and too much on the lee side; in July, there is

excessive convective activity over the mountains.

® The distribution of daily rainfall over Europe among classes of

different intensity shows an overestimation of light rainfall (<2 mn/day) by
about a factor of 2 during the whole year, and an underestimation of intense
rainfall (>20 mm/day) induced by orographic lifting, particularly strong in

Januarys

@ About 50% of local monthly rainfall estimates over Europe are correct

within a factor of 1.5 when data for individual years are considered; this is
about 10% more than when using 3-year means. D1 forecasts give generally the
best estimate. An exception to this situation occurs in July, when the scores

are 5-10% lower and D4 forecasts are the most skillful.
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° The operational short range forecasts fail to correctly reproduce the
geographical distribution of interannual variations over Europe, mainly
because of the changes continuously occurring in the model. However, the
variations from January 1982 to January 1983 (a period in which no relevant
model changes occurred) are well simulated both over Europe and over the
Pacific. In any case, the skill in ferecasting interannual variations

decreases steadily with forecast time.

Apart from the problems related to the data assimilation cycle and the spin-up
of the model, which mainly affect forecasts on D1 by generating an excess of
moisture in the low levels, there appear to be three main sources of error

which are acting more or less constantly during the forecast:

(a) An inadequacy in the parameterization of the vertical flux of moisture
in the boundary layer both generates an incorrect amount of evaporation and

prevents the vertical transport of the water vapour from the lowest levels.

(b) The convection scheme generates too much rainfall over land and
particularly over the mountains, where its behaviour may still be influenced
by deficiencies in the representation of horizontal diffusion of temperature

and moisture, despite the corrections already introduced into the model.

(c) The excessive smoothness of the model orography, in addition to its
dynamical consequences, has a direct impact on the distribution of
precipitation in the winter mid-latitudes by preventing an adequate simulation

of the orographic lifting. As pointed out before, this fact reduces the
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differences between the windward and the lee side of the mountains, and

prevents the model from forecasting intense daily rainfall in that season.

The two last points highlight the problems, which emerged from this study,
connected to the representation of orography in ECMWF's model and they call
for a further consideration: the orography seems not to be steep enough to
generate enough uplift to account for the observed upwind precipitation
characteristic of mountainous regions during the winter months. The same
orography, however, is far too steep during the spring and summer months-so
that it triggers a spurious feedback between the horizontal diffusion of
temperature and moisture and the Kuo-type parameterisation scheme of
convective rainfall. This, together with demonstrating the need for further
work in the area of the parameterisation of convection, raises doubts as to
whether the numerical schemes responsible for carrying the information
relative to the lower boundary condition (Wéz.Vh at z=h, or o0=1) are, in fact,

performing this function satisfactorily.

On the basis of all these results, we can conclude that, even if the
large-scale distribution of rainfall is correctly simulated by the short range
forecasts, a number of sources of systematic error (especially in the tropics
and over mid-latitude continental regions) prevent the ECMWF rainfall
forecasts from being a more reliable source of information than conventional
or satellite observed rainfall estimates. However, in some areas their skill
is at least comparable with the accuracy of other available sources. On the
assumption that the current trend in model improvements will continue, it is
reasonable to hope that in the near future, ECMWF short range forecas£ may
become an important source of information for the observational study of the

global hydrological cycle.
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