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missing. Data from island stations exist but are usually not representative for the ocean surface
due to orographic and land-sea effects, except perhaps of some small atolls and low level is­
lands. Many efforts have been undertaken to create estimates of the climatological distribution
of precipitation, in recent decades for example by Jaeger (1976) and Legates and Willmott
(1990). Both these data sets have significant weaknesses and should in no way be considered as
the truth. The Legates and Willmott climatology gives aglobaI mean precipitation which is
some 15% higher than the one from Jaeger, the reason being that the precipitation estimates are
based on differently assumed net radiative forcing at the surface of the earth. Over ocean areas
the "climatologies" are at best crude estimates.

Under the auspices of the GEWEX programme, major efforts are being undertaken to improve
our empirical knowledge of precipitation and other components of the hydrological cycle. A
global precipitation climatology project (GPCP) has been set up to provide improved precipita­
tion data (Rudolf et al., 1996). These data sets are based on space (2.5° lat/lon) - and time
(monthly) -averaged data including high resolution in-situ observations and different satellite
estimates. A compiled data set now exists for the 10-year period 1986-1996.

One of the satellite estimates is obtained from the geostationary satellites by relating the outgo­
ing long wave radiation (OLR) from cloud top pixels, in the band 10.5-12.5 11m at temperatures
lower than 235 K, to the intensity of convective rainfall. (Arkin and Meisner, 1987, Janowiak
and Arkin, 1991). This method is rather inexact and is furthermore only applicable in the trop­
ics. Special difficulties exist to separate tropical cirrus anvils and high ice clouds at higher lati­
tudes.

Another satellite estimate is to make use of the Special Sensor Microwave Imager (SSM/I) on
the polar orbiting satellites. Radiances are measured at four frequencies near 19, 22, 37 and 85
GHz, respectively. At these frequencies it is possible to detect the effect of hydrometeors on ra­
diative transfer (Grody, 1991 and Weng and Grody, 1994). Measurements are only possible
over water since land surface emissivity are rather similar to water clouds. Serious problems ex­
ist in using SSM/I data for estimating precipitation. One such limitation is sampling problems
in combination with the high time variability of precipitation. Jung et al. (1998) have carried
through evaluation of precipitation for the area of the Baltic Sea indicating a clear underestima­
tion compared to calculations from high resolution numerical models. Fig. 1 shows the precip­
itation from August 1987 from GPCP (only in-situ observation), OLR and SSM/I. The
differences between the different data sets are considerable.

Observation of evapotranspiration are virtually non-existent except at a few experimental sites
and water exchange with groundwater is similarly insufficiently known. Data for river run-off
have been systematically collected, in some regions for more than 100 years, and the river run­
off from the larger rivers is reasonably weIl measured. One key aspect of the GEWEX program
is de facto to use weIl monitored river basins and lakes as an independent way of estimating the
water balance. In section three, we will present some results from the Baltex program where a
combination of models and data have been used to determine the water cycle in the Baltic Sea
region. Finally, the percolation of water through the ground and the movement and residence
time of water underground is only poorly known.

We summarize also in Fig. 2 two different estimates of the global hydrological cycle, one by
Baumgartner and Reichel (1975) and another by Chahine (1992). The figure shows separately
precipitation and evaporation over land and ocean, the net transport of water vapour from the
ocean to land and the return river flow. It is interesting to note that the hydrological c)'cle over
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land consists to 2/3 of recirculated water. Accumulation of snow on glaciers is estimated ac­
cording to (Bromwich, 1990). This water will in due course return to the ocean through calving
of icebergs but generally on a much longer time scale.

2. The hydrological cycle and the energy balance of the atmosphere

The heat balance of the atmosphere and the redistribution of solar radiation is one of the central
questions for our understanding of the climate system. The solar irradiance, according to the
best available measurements, amounts to 341 Wm-2 (1/4 ofthe solar constant), ofwhich slightly
more than 30% is reflected back to space due to reflections from clouds, from the surface of the
earth and from back-scattering by the air and dust particles in the air (planetary albedo). Of the
remaining 240 Wm-2, some 146 Wm-2 reach the surface while the remaining part is absorbed
in the atmosphere. While we can be confident in the amount of incoming and reflected solar ra­
diation, since it can be weIl measured by satellite sensors, the same accuracy does not hold for
the amount which reaches the surface. In fact, the amount, which is absorbed in the atmosphere
according to the latest ground measurements, Ohmura and Gilgen (1993) some 25 Wm-2 higher
then previously assumed. The possible causes to this large absorption is still being disputed and
may be further revised (Ramanathan et al., 1995).

The same amount ofheat, 240 Wm-2, which enters the earth returns to space in the form ofter­
restrial radiation. However, that takes place in a somewhat complex way since the surface is
cooled (and the atmosphere correspondingly heated) by both surface radiative emission and flu­
xes of sensible and latent heat. The atmosphere in return is radiating back to the surface (due to
water vapour and other greenhouse gases) and the net surface radiation amounts to some 45
Wm-2, an amount which at best is known with an accuracy of some 10%. 'The sensible heat

flux from the surface is 14-20 Wm-2 and the latent heat flux is estimated to be as high as 80­
88 Wm-2, which is more than 1/3 of net incoming solar radiation, Fig. 3.

It follows from the global heat balance in Fig. 3 that the inaccuracies in the atmospheric absorp­
tion of short and long wave radiation, which may be as high as 10-15 Wm-2, also means that the
sum of the sensible and latent heat, in order to dose the surface heat balance, will suffer the
same inaccuracy. If this inaccuracy is distributed proportionally between sensible and latent
heat it follows that the global averaged evaporation and precipitation is probably only known
with an accuracy of some 15% or by 150 mm equivalent precipitation/year.

This analysis also highlights the problem of estimating precipitation by numerical modelling,
since on an average the evaporation must balance the radiation imbalance at the ground. If that
is wrong so will the water balance be. The relatively good agreements in the estimates of the
water cyde shown in Fig. 2 are simply due to the fact that the assumed net radiative forcing used
in the two studies apparently were rather similar.

3. Model reconstruction of the hydrological cycle

From the discussion in the previous section, it is clear that over a suitable period of time the
amount of precipitation must balance that of evaporation from the surface, and hence, from the
numbers in Fig. 3, the annual global precipitation should be equal to about 1000 mm/year. Now
for a limited area and for a limited time we must know the net transport of moisture through the
boundaries as weIl as the net exchange of water with the ground. However, due to the difficul­
ties to estimate the divergent wind component from wind observations, this direct approach can
only be considered in areas with accurate and homogenous radiosondes. It is particularly diffi-
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cult in regions with strong transient quasi-geostrophic flow, where the divergent part of the
wind is significantly smaller than the rotational part of the wind and where furthermore the di­
vergent wind undergoes rapid changes in time and space. The approach in recent studies has in­
stead been to rely on advanced atmospheric models where the divergent wind is calculated from
the model equations as constrained by available observations. For arecent discussion of this ap­
proach reference is made to Trenberth (1997). The numerical prediction models are now using
more advanced methods for flux calculations than present bulk formulas used in empirical stud­
ies, so one could not really use the simple empirical expressions to seriously question the model
calculations.

High resolution modelling under the BALTEX programme has quite successfully predicted pre­
cipitation in the catchment area of the Baltic Sea as validated against high density precipitation
measurements, but with a tendency to a slight overprediction (Bengtsson et al., 1998). In these
modelling experiments limited high resolution models have been successively updated at the
boundaries by analyzed data sets from meteorological services. Table 1 shows predicted and
measured results for the period August-October 1995 calculated by the German REMO model
(Jacob and Podzun, 1997).

Total monthly mean precipitation

mmlmonth modeled measured

August 95 56.2 56.7

September 95 88.4 75.5

October 95 48.0 40.6

Table 1: Predicted and measured precipitation for September 1995 for the Baltie Sea drainage
area. The very high resolution preeipitation data have been eolleeted under the auspiees of the
BALTEX programme. The predieted precipitation has been obtained by the REMO model (Jaeob
et al., 1997) at 116° resolution. The REMO model has been foreed at the boundaries by analysed
data (every 6 hours) from the German meteorologieal service. The attaehed table gives the results
for eaeh month August-Oetober 1995.

A remaining issue, not yet satisfactorily solved, is the so called spin-up effect. The numerical
models are usually initialized through a data-assimilation procedure whereby an estimate (first
guess) of the actual initial state is provided by a short range prediction from a previous initial
state some 6 to 12 hours earlier. The first guess is then being modified by the new observations
and the analysis increment is added to the first guess. This new state is not any longer in balance
with the model equations because of the observed increment. The imbalance will be dissipated
away as gravity waves after some time ranging from hours to several days, but in the meantime
the model contains noise which significantly can disturb the three-dimensional divergence and
associated fluxes. The new initial state must therefore be initialized in order at least to assure a
balance between the wind- and the massfield. The balance with respect to physical processes
cannot be achieved as easily and therefore available numerical weather prediction schemes suf­
fer from being improperly adjusted. This create difficulties to properly balance energy- and
moisture fluxes. To minimize the "spin-up" problem one can calculate the energy- and water
balance from the ensemble of first guess estimates, mostly consisting of 6-hrs forecast fields.
This is generally too short to efficiently eliminate non-meteorological features, and as can be
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There are some fundamentally important conc1usions to draw from this experiment. The first is
that the hydrological cycle is more or less fully controlled by atmospheric dynamics. Areas of
convergence and divergence determine where precipitation will occur, and surface wind, tem­
perature and verticallapse rate determine the intensity of evaporation. Over land the key issue
is to determine the potential evapo-transpiration, that is to know the amount of soil moisture and
the efficiency of vegetation in releasing water vapour.

Aseries of numerical studies presently being undertaken within the BALTEX numerical exper­
imentation programme have highlighted the importance of initializing soil moisture. In the
catchment area of the Baltic Sea, the spin-up time of soil moisture is of the order of one to a few
months. Storage of water in the ground needs to be determined more accurately for the predic­
tion of river run-off. Another important finding, which I believe could be generalized, is that
models with prescribed SST in the Baltic Sea generally tend to overpredict evaporation due to
the lack of SST adjustment to atmospheric temperature. This temperature adjustment can be
quite rapid in situations with strong winds and strongly stratified ocean basins. Coupled oceanl
atmosphere models (Hagedorn, 1998) are certainly required to handle air-sea interaction pro­
cesses in a satisfactory way.

4. Possible changes in the water cycle

Precipitation in the Sahel region has undergone large scale changes, from dry conditions in the
early part of this century to wetter conditions in the 1950s and thereafter becoming dryer again.
Superimposed on this multi-decadal fluctuations are shorter variations of a few years" duration.

I will here report cf another such low-frequency phenomenon which has received considerable
interest in recent years, namely the variation of the water level of the Caspian Sea. The Caspian
Sea is the biggest lake on earth and covers an area of some 0.37 milj. km2. The total drainage
area is 3.1 milj. km2, with 86% of the run-off coming from Volga and the Ural river. The Cas­
pian Sea has no run-off so the inflow of water from rivers and precipitation over the lake must
be balanced by evaporation. During the period 1933-1977 the water level fell with 2.9 m, and
the size of the lake shrank by some 6%, having disastrous economic and environmental conse­
quences in the area (Rodionov, 1994). It was thought by many that the drying out of the lake
had anthropogenie causes, but after 1977 the water level started to rise and had by the end of
1996 more or less recovered the water losses from the previous period, (Golitsyn, 1995). How­
ever, the economical and environmental consequences were equally severe.

Studies have now demonstrated that the variation in the water level is strongly correlated with
the Volga river run-off. The Volga drainage basin is specifically exposed to precipitation pat­
terns associated with typieal decadal to multi-decadal fluctuations in the general circulation.
Northerly cyclone tracks generate higher then normal precipitation in the Volga drainage basin,
while southerly cyc10ne tracks favour dryer conditions. The interesting scientific questions are
now whether climate models are able to simulate the typieallow-frequency variations in the
storm tracks and the associated variations in precipitation, river run-off and fluctuations in the
lake water level, and additionally to answer the question what the main reason is for these
changes. The final and most important question, namely whether the water level can be predict­
ed, must await a satisfactory outcome cf the first two questions.

The Max Planck Institute for Meteorology in Hamburg has in cooperation with scie-ntists from
the Russian republic and Kazakhstan been trying to answer these questions (Arpe et al., 1998).
In the experiments carried out, the global sea surface'temperatures from the beginning of this
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century were prescribed and used to drive an atmospheric model through the whole of this cen­
tury. The result can be seen in Fig. 9 which shows the predicted and observed river run-off into
the Caspian Sea from Volga. The units are given in cm/year of the average water level, where
one cm is equivalent to 3.7 km3/year. It appears that the large scale variations in the river run­
off is reasonably weIl reproduced by the model. In another experiment we modified the tropical
sea surface temperatures by removing all interannual variations. At middle and high latitudes
the temperatures were unchanged. In this case we were not able to reproduce the observed evo­
lution, which suggests that tropical sea surface temperature may be responsible for the observed
variations. Needless to say, more experiments are required to clarify this, but it appears that the
findings make physical sense, since the tropical forcing of the atmosphere is much more steady
and robust than the forcing from the oceans at higher latitudes. It mayaIso be that the result is
fortuitous and is due to stochastic forcing of individual meteorological events giving rise to the
observed low frequency response. However, other experiments presently being carried out sug­
gest a genuine predictability. Future investigations will certainly clarify this beUer.

5. The water cycle in a future climate

We will restrict the discussion in this section to a preliminary analysis of aseries of climate
change experiments recently completed at the Max Planck Institute in Hamburg (Roeckner et
al. , 1998). The experiments consider the effects of greenhouse gases, sulfate aerosols and tro­
pospheric ozone, Table 2. The experiments have been carried out with a coupled atmosphere­
ocean model (Roeckner et al., 1996) which have been integrated from 1860 until 2050 using
observed greenhouse gases until 1990 and thereafter an assumed increase according to estab­
lished scenarios by IPCC (lS92a with recent updates for CFCs).

Name Forcing due to changing Years
atmospheric concentrations of ...

GHG CO2 and other weIl mixed 1860 - 2100
greenhouse gases

GSD GHG plus sulfate aerosols 1860 - 2050
(direct effect only)

GSDIO GHG plus sulfate aerosols 1860 - 2050
(direct and indirect effect)
plus tropospheric ozone

CTL Unforced control experiment 300

Table 2: List of experiments.

In GHG the concentration of the following greenhouse gases is prescribed as a function of time:
CO2, CH4, N20 and a large number of individual industrial gases including CFCs, hydrochlo­
rofluorocarbon, hydrofluorocarbons, carbon tetrachloride and metylchloroform. Each gas has
been treated separately.

In GSD, the greenhouse gases are treated as in GHG, but with the added effect of anthropogenic
emission of sulfur in the troposphere. Global emission from fossil fuel buming and from other
industrial emissions increases from approximately 10 million ton sulfur (MtS) in 1900 to about
75 MtS in 1995, growing further according to IS92a to 150 MtS in 2050. In the experiment GSD
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pour in the atmosphere hardly change at all. Approximately, therefore, one degree warming of
the atmosphere will increase moisture by some 6%. Water vapour is therefore probably the
strongest feedback factor in the atmosphere, roughly leading to a doubling of the original forc­
ing from the anthropogenie greenhouse gases.

However, a more detailed calculation suggest that the increased moisture in the atmosphere
must also effect the solar forcing due to enhanced scattering as weIl as absorption of solar radi­
ation in the atmosphere. Table 4 summarizes the surface heat balance for the three experiments:
GHG, GSD and GSDIO compared with the control experiment at the time of the anticipated
doubling of the anthropogenie greenhouse gases in the 2040s. The latent heat flux increases
compared to the control for GHG and GSD but diminishes for GSDIO. The reason is enhanced
atmospheric absorption of solar radiation combined with a negative short wave cloud forcing.
There is in fact in the GSDIO experiment a negative surface heat flux, so the warming at the
surface (+1.41°C) is partly due to the reduced surface cooling by the smaller latent heat flux!

CTL GHG-CTL GSD-CTL GSDIO-CTL
Surface fluxes [W/m2] [W/m2] [W/m2] [W/m2]

Sensible heat -11.9 +0.65 +0.82 +0.78

Latent heat -81.9 - 1.30 - 0.35 +0.47

Shortwave radiation + 148.8 - 3.29 - 4.19 - 5.33

Longwave radiation - 52.7 + 5.35 +4.98 + 5.09

Surface air
temperature [OC] 14.69 +2.34 + 1.82 + 1.41

Precipitation (P) or 2.82 + 1.5 +0.4 - 0.6
evaporation (E) [mm/d] [% ofCTL] [% ofCTL] [% ofCTL]

P (continents) 2.13 + 7.5 + 5.0 + 2.5
[mm/d] [% ofCTL] [% ofCTL] [% ofCTL]

E-P (oceans) 0.30 + 14.1 + 11.1 + 5.4
[mm/d] [% ofCTL] [% ofCTL] [% ofCTL]

Table 4: Change of global annual mean surface heat fluxes and other climate variables in
scenario experiments (decade 2040 to 2050) minus control experiment CTL (l50-y mean). Sign
convention: downward fluxes positive, upward fluxes negative.

The hydrological cycle is enhanced over land in all experiments, most so in the GHG. Precipi­
tation is everywhere reduced over oceans, most so in GSDIO when also evaporation is weak­
ened. The general difference between land and ocean is presumably due to an enhanced
monsoon effect caused by the relatively larger warming over land areas. Snow accumulation in­
creases for aIl experiments due to higher temperatures over Antarctica and Greenland. The in­
creased accumulation is largest for GSD but goes down again for GSDIO due to the reduced
hydrological cyde.

The regional change in the hydrological cycle is difficult to estimate due to internal chaotic pro­
cesses of different time scales. Fig. 12 shows the same as Fig. 11 but for precipitation. The pre-
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cipitation in the ITCZ increases in all experiments and most so in experiment GHG. There is
also an increase of precipitation in the storm tracks and in the Arctic during winter but again
most pronounced in the GHG experiment. In the tropics outside the equatorial zone there is a
general reduction in precipitation, indicating a tendency to an enhancement of the meridional
circulation (and stronger subsidence outside the ITCZ) associated with a stronger Hadley circu­
lation.

6. Concluding remarks

We have given here a broad account of recent studies of the hydrological cycle mostly under­
taken at the Max Planck Institute for Meteorology in Hamburg. It is found that high resolution
numerical models are increasingly improving the capability to simulate precipitation at least at
middle and high latitudes and where we have the capability to verify the result. The GEWEX
subprograms will here play an important role. It seems that in an area like the Baltic Sea and its
catchment region we should be able to reproduce the hydrological cycle with considerable ac­
curacy. For an accurate reproduction of global precipitation we are very much hampered by not
knowing the global radiation balance at the ground accurately enough. So far we probably only
know this with an accuracy of some 10-15 Wm-2, equivalent to some 150 mmlyear in evapora­
tion and precipitation.

Climate models have already demonstrated an excellent ability to reproduce precipitation
anomalies in relation to the ENSO phenomenon. Recent studies of decadal variations in precip­
itation as for example observed in the catchment area of the Caspian Sea are promising but more
experiments are needed to demonstrate any potential predictability. Present coupled models,
though have reached astate of sophistication where such experiments are becoming feasible.

Whether the hydrological cycle will change in a future climate and how much it will change is
still difficult to know. Model experiments with increased greenhouse gases only show an overall
increase, in particular over land and at high latitudes specially in winter. When the effect from
aerosols is considered the answer is less clear, and as has been shown in the experiment we have
reported here, there may even be a reduction in the hydrological cycle. More experimentation
with different models and by means of ensemble prediction is certainly required to obtain a bet­
ter understanding of this important problem.
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Fig. 2: Global annual mean hydrological cycle for the marine and continental hemispheres, re­
spectively. Upper figure shows estimate from Chahine (1992) and lower figure from Baumgart­
ner and Reichel (1975). Snow fall according to Bromwich (1990). Units are given in
103km3yr-l.
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Fig. 3: The global heat balance of the atmosphere, annually averaged. The actual values are
compiled from different sources. For further information, see text. Units are in Wm-2.
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Fig. 8: Equivalentto Fig. 4 but the hydrologicalcycle hasbeencalculatedfrom the ECHAM
data-assimilationexperiment.SeeFig. 5 andFig. 6 andtext for further information.

River runoff to the Caspian Sea
from 1900 until present (10 year running mean)
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Fig. 9: Observedandmodelcalculatedriver run-off to theCaspianSeafrom 1900-1995(5-year
average).Theunitsareexpressedin cm/yearof sealevel change.TheECHAM4 modelhasbeen
forcedby observedSSTdata.
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