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Abstract

In this study, a hydrological discharge model is presented which may be applied as a tool to
validate the simulation of the hydrologic cycle of atmospheric models that are used in climate
change studies. It can also be applied in studies of global climate change to investigate how
changes in climate may affect the discharge of large rivers.

The model was developed for the application with the climate models used at the Max-Planck-
Institute for Meteorology. It describes the translation and retention of the lateral waterflows on
the global scale as a function of the spatially distributed land surface characteristics which are
globally available. Here, global scale refers to the resolution of 0.5° and lower, corresponding
to a typical average gridbox area of about 2500 km?2. The hydrological discharge model
separates between the flow processes of overland flow, baseflow and riverflow. The model
parameters are mainly functions of the gridbox characteristics of topography and gridbox
length.

The hydrological discharge model is applied to the BALTEX (Baltic Sea Experiment) region
using input from an atmospheric general circulation model (ECHAM4) as well as from a
regional climate model (REMO). The simulated inflows into the Baltic Sea and its sub-
catchments are compared to observed and naturalized discharges. The results of this
comparison are discussed and the simulated values of precipitation, surface air temperature and
accumulated snowpack are compared to both observed data and surrogate data.



1. Introduction

A discharge model provides a useful tool for the validation of atmospheric models. For the
application with the climate models used at the Max-Planck-Institute for Meteorology, a model
was developed (Hagemann and Diimenil, 1998) which describes the translation and retention
of the lateral waterflows on the global scale as a function of spatially distributed land surface
characteristics which are globally available. Here, global scale refers to the resolution of 0.5°
and lower, corresponding to a typical average gridbox area of about 2500 km?. At this scale
some aspects of land surface characteristics are available as datasets of global coverage. The
scale of 0.5 is also a good compromise between the macroscale of the atmospheric general
circulation models (GCMs) and the comparatively small scale hydrological processes.

A global discharge model is sufficient for applications using input from climate models the
resolution of which is often coarser than 0.5°. For the more detailed simulation of discharge of
a specific river in conjunction with input from high-resolution hydrological models, catchment
related discharge models may be applied but these have to be gauged with measured data.

Some basic information about lateral discharge and its flow processes as well as a description
of the global discharge model are presented in Sect. 2.

This study focuses on the BALTEX (Baltic Sea Experiment) region. BALTEX is a European
sub-program of the ‘Global Energy and Water Cycle Experiment‘ (WMO, 1988) covering the
Baltic Sea catchment (cf. BALTEX, 1995). In this region hydrological data are available at high
spatial and time resolution.

In the BALTEX region, the discharge model was used as a tool to investigate the performance
of two different atmospheric circulation models with different model resolutions. With respect
to this purpose, we consider the atmospheric GCM ECHAM4 (Roeckner et al., 1996) at T42
resolution (corresponds to a spatial resolution of about 2.8") and the regional climate model
REMO (Jacob and Podzun, 1997) using the physical parameterization package of the German
Weather Service (DWD, see also Sect. 3.2) and a rotated 0.5° grid for spatial resolution. Sect. 3
gives a short overview about the hydrological representation of the soil in the two models.

The simulated inflows into the Baltic Sea and its sub-catchments are then compared to
observed discharges (Bergstrom and Carlsson, 1993). These comparisons are presented in
Sect. 4.

The results from these comparisons are discussed in Sect. 5. Here, the simulated values of
precipitation, surface air temperature and accumulated snowpack are compared with both
observed data and surrogate data generated by the HBV model (Bergstrom et al., 1996).



2. The discharge model

Sect. 2.1 provides some basic information about lateral flow processes. In Sect. 2.2, the
technical details and the structure of the HD model are presented.

2.1. Lateral waterflow

The lateral waterflow on the global scale is composed of several flow processes. We distinguish
between water produced within a catchment or gridbox, and water entering the catchment from
other catchments through the boundaries.

Water which originates within the catchment may contribute to the flow processes in different
ways. If water reaches the land surface by throughfall (the amount of rain which reaches the
soil) or snowmelt, it may infiltrate into the soil or may flow laterally as surface flow. Water in
the upper soil layers may evaporate, percolate downwards or may flow laterally as interflow.
Water in the deep soil layers may rise again by capillary forces or may flow laterally as
baseflow. The influence of the first process is negligible on the global scale. In hydrology
surface flow and interflow are usually merged into overland flow (Miller et al., 1994).
Occasionally, hydrologists use the terms fast and slow flow which are nearly the same as
overland flow and baseflow.

The lateral waterflow between different catchments is transferred by the river network and is
referred to as riverflow. For catchments having inflow from other catchments, the riverflow is
often the main flow process provided that the amount of water from the inflow is large
compared to the amount of the lateral waterflow which originates from inside the catchment.
For many other catchments overland flow is the dominant flow process, especially if snowmelt
plays an important role in the hydrological cycle. Baseflow often is responsible only for a
slowly changing part of the discharge, which is distinguishable only in a discharge curve either
during the winter in catchments where the soil is frozen, or in dry regions where precipitation
events occur rarely.

At the spatial resolution of 0.5°, which corresponds to an average distance of about 55 km, the
riverflow has typical lag times of a few days, the overland flow has lag times ranging from
several days to a few weeks, and the baseflow lag times range between a few months and
several years.

2.2. The HD model

Fig. 1 shows the model structure of the Hydrological Discharge model (Hagemann and
Diimenil, 1998) that will be referred to as HD model in the following. It separates the lateral
waterflow into the three flow processes of overland flow, baseflow and riverflow. Overland flow
and baseflow are both represented by a single linear reservoir, and riverflow is represented by a
cascade of n equal linear reservoirs (In Hagemann and Diimenil (1998) overland flow was also
represented by a reservoir cascade but more recent results (Hagemann, 1998) have shown that
the representation of a single linear reservoir is sufficient for a global discharge model.).
Overland flow uses runoff as input, baseflow is fed by drainage and the inflow from other



gridboxes contributes to riverflow. The sum of the three flow processes equals the outflow from
a gridbox.

Runoff Drainage Gridbox inflow

Cascade of n,
equal
linear reservoirs

Linear reservoir Linear reservoir

Overland flow Baseflow Riverflow

|
v

Outflow from the gridbox

Fig. 1: Structure of the HD model

For overland flow, the retention coefficient &, of the linear reservoir is a function of the average
slope within a gridbox and the gridbox length Ax. The gridbox length is defined as the distance
between the centres of two adjacent gridboxes in the direction of the flow. For riverflow, the
retention coefficient k, of the linear reservoirs is a function of the topography gradient Ah
between two adjacent gridboxes in the direction of the flow and the gridbox length Ax. The
parameters of overland flow and riverflow are influenced by the wetland fraction and the lake
area within a particular gridbox (see Hagemann and Diimenil, 1998b). The retention time k, of
the baseflow reservoir is a function of the gridbox length. Its value for a typical 0.5" gridbox
(Ax = 55 km) was set to 300 days. Here, the exact typical value of &, is not very important
because the HD model is not very sensitive to small changes in k.

As a general strategy the HD model computes the discharge only at 0.5° resolution. All model
input fields (such as runoff and drainage) from the various GCM resolutions are therefore
interpolated to the same 0.5° grid. The HD model uses a daily time step. Only for riverflow the



time step is six hours to pay regard to the minimum travel time through a 0.5° gridbox which is
limited by the time step chosen.

For each gridbox of the HD model eight possible outflow directions (the four main directions
North (N), East (E), South (S) and West (W) and the four diagonal directions NE, SE, SW and
NW) are defined, but for a specific gridbox only one outflow direction is permitted. The
outflow from this gridbox enters the neighbouring gridbox which has the lowest topography
value of the surrounding gridboxes.

The skill of the discharge simulation depends not only on the formulation of the model
equations, but also on the precise definition of the boundaries of the model catchments. The
sizes and the positioning of the model catchments on the globe were defined by using a
modified topography dataset. Since the definition of flow directions derived from the available
0.5° topography dataset! is not detailed enough for an accurate global discharge simulation, a
model topography had to be created. Several mathematical methods (cf. Hagemann and
Diimenil, 1998) were developed to include important aspects of the real topography such as
river flow paths and catchment borders which cause a good agreement between the model
catchments and the real catchments. This agreement is generally not perfect because the
methods used are automated to a certain degree. Pure manual methods would give a perfect
agreement globally but they are too expensive and will not considerably improve the
simulation of discharge.

1. The available global 0.5° topography dataset was derived from the global five minute topography data-
set of the National Geographic Data Centre (Edwards, 1989) by area weighted averaging.



3. Atmospheric model simulations

The HD model represents the water fluxes between the land surface and the ocean. It is
designed for the use in a coupled GCM. But in the off-line mode it can be applied to the output
of every climate model desired as it is done in this study to ECHAM4 (Roeckner et al., 1996)
and REMO (Jacob and Podzun, 1997) model simulations.

The land surface parameterizations of the ECHAM4 and REMO with DWD physics are quite
different. Among others this is particularly true for the representation of the soil processes. In
Sect. 3.1 some characteristics of the soil and the generation mechanisms of runoff and drainage
of ECHAM4 are presented. In Sect. 3.2 this is repeated for REMO.

3.1. ECHAM4

In ECHAM4 the soil is represented by a single soil layer. Time series of runoff and drainage
are calculated according to the scheme of Diimenil and Todini (1992). Here, runoff is
computed as infiltration excess from a bucket which takes the subgrid variability of the soil
saturation within a GCM gridbox area into account. This is done by defining a statistical
distribution of soil water capacities in the gridbox (Roeckner et al., 1992). This means that
runoff may occur after a rainfall event even if the whole gridbox is not yet saturated. Drainage
is the amount of water which is allowed to percolate downwards from the bucket.

In the global application of the HD model, the input fields of runoff and drainage are taken
from an uncoupled atmospheric ECHAMA4-T42! control simulation using climatological sea
surface temperature (SST). For this control simulation daily values of runoff and drainage are
available for five years. As mentioned above the input values were transformed from the T42
grid to a 0.5 grid.

3.2. REMO

In a comparison of a regional climate model to a GCM, it would be desirable (e. g. for the
investigation of scaling effects) to use models which use the same parameterizations in the soil
but unfortunately for the version of REMO with ECHAM4-physics only short time simulations
exist at the time of the writing (Jacob, 1998, personal communication). The effects of
initialization errors, interannual variability and storage differences in the atmospheric model as
well as in the discharge model can be minimized by performing model simulations for several
years. Therefore a model version of REMO is used which includes the physical
parameterization package of the German Weather Service? which is almost identical to the
Europamodell/Deutschlandmodell system (Majewski and Schrodin, 1994).

1. ECHAMA is the currently operational version of the atmospheric GCM used at MPI. T42 describes the
model resolution which equals a horizontal grid length of about 2.8°.

2. This is the package version of May 1995. Since then only minor changes were made. (Jacob and Pod-
zun, pers. comm., 1998). Also the handling of the spatial boundary forcing was changed which has
effects in the boundary zone of the model region. (The Baltic Sea catchment is not located in this
boundary zone.)



This REMO version contains a different hydrological representation than ECHAM4. Here, the
soil is divided into three hydrological soil layers. Vertical moisture transport follows the Darcy
equation for one-dimensional fluid flow (e. g. Roesch et al., 1997) which includes the influence
of gravity and capillary forces. If water reaches the soil surface, either as snowmelt or coming
from an interception reservoir, it may infiltrate or flow off as surface runoff if the upper soil
layer is saturated. Drainage from the soil may occur from each of the three soil layers if its
water content is larger than its porosity.

For the application of the HD model, daily input values of runoff and drainage are taken from
an available four years REMO simulation. With regard to the spatial resolution, REMO uses a
rotated! 0.5° grid, so that the input values had to be transformed into the regular 0.5° grid, too.
The REMO model region was nested into a T42 grid and the forcing through the boundaries of
this region was generated by the atmospheric GCM ECHAM?3-T42 (Roeckner et al., 1992)
using observed SST from the years 1979-1982. These spatial boundary conditions were
updated every 6 hours and they were linearly interpolated in between the update times as
REMO operates with a five minute time step.

1. The rotated 0.5° grid was created from a regular grid by shifting the equator into the centre of the con-
sidered model region to accomplish that the gridboxes of the whole region have similar area sizes.
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Fig. 3: Bothnian Bay. The numbers correspond to the gridboxes of the model catchment and express the flow
distance in gridboxes from the inflow box (= 0) into the Baltic Sea. The thick line represents the border of the real
catchment derived from a dataset (Hagemann and Diimenil, 1998).
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Fig. 4: Bothnian Sea. The numbers correspond to the gridboxes of the model catchment and express the flow
distance in gridboxes from the inflow box (= 0) into the Baltic Sea. The thick line represents the border of the real
catchment derived from a dataset (Hagemann and Diimenil, 1998).
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Fig. 3 and Fig. 4 show the model catchments and the real catchments of these two regions.
Although both model catchments agree well with their corresponding real catchments, there
are still some small differences (cf. Sect. 2.2) which have to be considered when discharge
volumes are investigated.

4.1. Observed data

We compared the simulated discharge from both atmospheric models with the observed
discharge. Unfortunately the output of these models belongs to different time periods. The
ECHAMA4 run was forced by climatological SSTs so that the simulated atmospheric values
should be representative for climatological conditions. Therefore we should compare its output
to averaged values derived from long time series of measured discharge. The four years of
REMO output should correspond directly to the years 1979-1982 since the GCM that forces
REMO through the spatial boundaries uses the SST of this period (cf. Sect. 3.2). Here, one has
to bear in mind that the inter-annual variability at middle- and high-latitudes is strongly
dominated by chaotic dynamics, so that the tropical SST forcing only modulates the
atmospheric circulation (Bengtsson et al., 1996). Due to the natural annual variability the
REMO four year mean values as well as the ECHAM4 five year mean values may differ from
the long term averages.

Table 1 presents catchment areas and discharges of the Baltic Sea and the two Bothnian sub-
catchments. The observed volumes of discharge are shown separately for the long time period
of 40 years and for the four years 1979-1982. In the two Bothnian sub-catchments the
discharge amounts are the same for both periods, but the inflow into the total Baltic Sea in the
four year period is about eight percent higher than that of the whole 40 year period.

Table 1: A selection of observed characteristics of the considered Baltic catchments. The discharge amounts in
mm/year are averaged over the corresponding catchment area. The naturalized flows are recalculated from the
observed discharges by Bergstrom et al. (1993).

Bothnian Bay Bothnian Sea Baltic Total
Catchment area (real) 261 000 km? 230 000 km? 1729 000 km?
Discharge: 1950 - 1990 98 km?/year 90 km>/year 483 km3/year

375 mm/year 391 mm/year 279 mm/year
Discharge: 1979 - 1982 99 km>/year 91 km>/year 523 km’/year

379 mm/year 396 mm/year 302 mm/year
Naturalized flow: 1981 - 1991 105 km?/year 84 km?/year -

402 mm/year 365 mm/year

In order to compare the annual cycles of simulated and measured inflow into the Baltic Sea we
use the naturalized inflow instead of the observed one, as mentioned before (Sect. 4). Note that
data of naturalized inflow are available only for the years 1981-1991 yielding a somewhat
different amount of discharge compared to the discharge of the other time periods.
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4.2. Atmospheric model output

In this section we consider the amount of water which is produced by the atmospheric models
as the sum of runoff and drainage which we denote as Wgp, in the following.

The HD model uses a regular grid with a resolution of 0.5°. Therefore the atmospheric model
output Wy is transformed from its original resolution to this resolution. At the 0.5° resolution
we use a distribution of catchments over land which is taken from a modified version
(Hagemann and Diimenil, 1998) of a dataset of the US Army Corps of Engineers (1994). In this
dataset the real catchments are digitized so that the catchment areas do not exactly agree with
the real areas although the differences are very small. The gridded areas are shown in Table 2.
Area coverage indicates the fraction of gridded area divided by the real area taken from
Bergstrom and Carlsson (1993).

Now we can compute Wy, inside the gridded catchments and compare it to the observed
discharge. If not stated otherwise the comparisons for ECHAM4 and REMO are done for their
corresponding time periods (see Sect. 4.1). Table 2 shows that for ECHAM4 the amount of
Wgrp agrees quite well with the observed discharge volumes in the Bothnian sub-catchments
whereas in the total Baltic Sea catchment this amount is somewhat larger than the observed
discharge.

Table 2: Atmospheric model simulated discharge (= Wgp) on the 0.5° grid. The discharge amounts in mm/year
are averaged over the corresponding catchment area. Area fraction designates the ratio of the 0.5 degree
catchment area and the real observed area shown in Table 1.

Bothnian Bay Bothnian Sea Baltic Total
Area (0.5° dataset) 276 884 km? 234 748 km? 1777 757 km?
ECHAM4: Runoff + Drainage (Wgp) 97 km®/year 92 km?/year 524 km®/year

350 mm/year 392 mm/year 295 mm/year
REMO: Runoff + Drainage (Wgp) 134 km®/year 105 km*/year 546 km>/year

484 mm/year 447 mm/year 307 mm/year
Area fraction 106% 102% 103%
ECHAM4 / (1950-90 discharge) 93% 100% 106%
REMO / (1979-82 discharge) 128% 113% 102%

Contrary to this, REMO produces too much Wgp, in all catchments, especially in the Bothnian
Bay the amount of Wy, is particularly high with an overestimation of 35% compared to the
observed discharge.

4.3. Simulated discharge
As mentioned before in Sect. 4 the model catchments differ from the real catchments. This

difference is small for the Bothnian Bay, but the model catchment of the Bothnian Sea is
comparatively smaller than the real one, while the model catchment of the total Baltic Sea is a
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little larger than in reality. Therefore differences between the volumes of simulated discharge
and observed discharge occur which we must take into account when we consider the annual
cycles in Sect. 4.4, especially for the Bothnian Sea. Table 3 shows statistics of the simulated
discharge for the model catchments. Area fraction indicates the fraction of model catchment
area divided by the real area.

Table 3: Simulated discharge using the HD Model. The discharge amounts in mm/year are averaged over the
corresponding catchment area. Area fraction designates the ratio of the model catchment area and the real

observed area shown in Table 1.

Bothnian Bay Bothnian Sea Baltic Total
Area (HD model catchment) 265 585 km? 209 163 km? 1790 808 km?
ECHAM4 --> Simulated discharge 94 km®/year 84 km?/year 525 km?/year

354 mm/year 402 mm/year 293 mm/year
REMO --> Simulated discharge 126 km3/year 93 km3/year 540 km3/year

474 mm/year 445 mm/year 302 mm/year
Area fraction 102% 91% 104%
ECHAM4_HD / (1950-90 discharge) 94% 103% 105%
REMO_HD / (1979-82 discharge) 125% 112% 100%

4.4. Annual cycles

In this section the annual cycles of Wgp and the corresponding simulated discharge Q;,, are
compared to the naturalized inflow into the Bothnian Bay and Bothnian Sea.

Fig. 5 shows results for ECHAM4. The inflow into the Bothnian Bay is simulated well, but
there is too little discharge during the summer. For Bothnian Sea the snowmelt induced
discharge peak in spring is simulated too early. This may be based on a erroneous handling of
the snowmelt parameterization in ECHAM4 or on a wrong retention of the water by the HD
model in this region. Generally too little volume of the flow is generated which may be mainly
based on the smaller area of the model catchment of the Bothnian Sea.

Fig. 6 shows Wgp and Q,;,, for REMO. For both catchments, the discharge peak in spring is
simulated too late, although the delay for Bothnian Sea is not very large. Again the late
discharge peak may be based on errors of REMO or of the HD model. For Bothnian Sea, there
is also too less flow during summer.

Fig. 7 compares the atmospheric model output Wxp, from both models which is the input for
the HD Model. For Bothnian Bay both models show different behaviour in June/July, for
Bothnian Sea there are differences in March as well as in June/July. These curves reveal that in
ECHAM4 the snowmelt is simulated almost one month earlier for both catchments.
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These differences in the input of the discharge simulation yield the curves shown in Fig. 8.
Their differences may be due to the varied qualitative behaviour of the atmospheric models in
both catchments or may be also based on different flow characteristics in these two regions
which can not be simulated properly by the HD model.
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5. Discussion

The discharge curves presented in Sect. 4.4 show a different behaviour. Possible deficiencies of
the atmospheric models are added to possible weaknesses of the HD model so that the sum of
all possible errors may become visible in the simulated discharge. From the discharge curves
alone we cannot decide whether the time delay of the snowmelt in spring is caused by REMO
or by the HD model. It should be expected that REMO can simulate the regional climate better
than ECHAM4 due to its much finer spatial resolution. But we must bear in mind that its
spatial boundary conditions are defined by ECHAMS3, so that errors in these boundary
conditions may be transported into the climate patterns of the REMO region. In order to
consider the causes of the different behaviour of the discharge curves we have compared
several simulated hydrological values and 2m temperatures with observations.

Bothnian_Bay

monthly average snowpack [mm]

month
Bothnian_Sea

monthly average snowpack [mm]

month

o——=a USAF/ETAC climatology (ISLSCP)
1 ECHAMA4: 5 years

o——9 REMO: year 1979-82

A——a HBV model: 1980-92

Fig. 9: Comparison of simulated and observed accumulated snowpack

Fig. 9 shows observed and simulated annual cycles of the accumulated snowpack. As observed
snowpack we use the snow data climatology (Foster and Davy, 1988) and the snowpack
simulated by the HBV model (Bergstrom et al., 1996) for the years 1980-92 which can be
viewed as surrogate data. For Bothnian Bay, both climate models compute the time of the
snowmelt in spring too late compared to the two observed curves. For REMO there is a delay
of about 1 month, while for ECHAM4 this delay is about 10 days and may be within the
accuracy of the observed data. This agrees well with our investigations of the simulated
discharge curves, and indicates that the late discharge peak in spring is based on deficiencies of
the REMO simulation for this region.
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For Bothnian Sea, REMO computes the time of the snowmelt one-third of a month later than
the snow data climatology and one month later than the HBV model. ECHAM4 simulates the
time of the snowmelt about a half month earlier than the snow data climatology and agrees
with the HBV model. Again these results agree with our discharge investigations. For both
regions, REMO is simulating the snowmelt too late as concluded from the discharge curves.
ECHAM4 computes the time of the snowmelt quite well, although for Bothnian Sea this
occurs a little too early. Since the time of the snowmelt of the HBV model agrees with
ECHAM4, it seems that the HBV model has also small deficiencies for this region.

The underestimation of the 2m-temperature seems to be the main reason for the late snowmelt
of REMO. This can be seen in Fig. 10, where the simulated 2m-temperatures are compared to
synoptic temperature data (Bergstrom et al., 1996) from 1980-92 and the climatology of
Legates and Wilmott (1990). In spring for both catchments, the simulated temperature curve of
REMO reaches temperatures above the freezing point about one month later than the observed
ones. In addition to this, the temperature is mostly too cold during the whole year. ECHAM4
agrees quite well with both observations.

Bothnian_Bay

monthly average temp. [AC}

month
Bothnian_Sea

monthly average temp. [*C]

month

@——= Legates climatology

* ECHAMA4: 5 years
*—% REMO: year 1979-82
A——a Synoptic data: 1980-92

Fig. 10: Comparison of simulated and observed 2m-temperature

Christensen et al. (1998) found out that in their studies with a very high resolution (19 km)
limited area model (HIRHAM4; Christensen et al. 1996) over Scandinavia, the surface air
temperature was underestimated for all seasons resulting in a delayed snowmelt in spring. This
was explained by problems in the general circulation in the winter season, but not in the other
seasons. As an explanation it was suggested that especially efficient land sea-breeze systems
developed in their very high resolution simulation in the warm part of the year which
transported cold air from the surrounding sea to the land areas and, thus, cools down the land
surface too strong.
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Fig. 11 shows the simulated precipitation curves compared with synoptic precipitation data
(Bergstrom et al., 1996) from 1980-92 and the climatology of the GPCP! (Rudolf et al., 1996),
For both catchments, ECHAM4 simulates too much precipitation except during summer (July/
August) where too little precipitation is simulated. For the Bothnian Bay, REMO simulates
also too much precipitation, especially during late spring (May/June), but the amount is not
less than the observed values in any month. For Bothnian Sea, REMO behaves in a similar
way, but in August there is much lesser precipitation than observed. Its amount is actually
lesser than the value of ECHAM4. The underestimated summer precipitation of both
atmospheric simulations in the Bothnian Sea has an obvious effect on the simulated discharge
(see Fig. 8) which is also too low in the summer.

Bothnian Bay

monthly average prec. [mals]

month
Bothnian_Sea

monthly average prec. [ma/s]

month

&——a GPCP: year 1986-94
« ECHAMA4-T42: 5 years
——¢ REMO-DWD: year 1979-82

a——a Synoptic data: year 1980-92

Fig. 11: Comparison of simulated and observed precipitation

Machenhauer et al. (1996, 1998) validated several global and regional climate models over
Europe (among others ECHAM4 and HIRHAM4) and found that errors in the near surface
general circulation, corresponding to systematic errors in the mean sea level pressure fields,
seem to explain significant biases in the primary weather elements, especially in precipitation.
For simulations with ECHAM4 and HIRHAM4 at high (50 km) and very high resolution, this
was discussed in more detail for Scandinavia by Christensen et al., (1998). Of course,
systematic errors in the precipitation will lead to errors in the simulation of the hydrological
cycle.

For a specific region, the continuity equation is valid at the land surface:

1. GPCP = Global Precipitation Climatology Project
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ds

dS/dt is the change in time ¢ of the total volume of water that may be stored at the land surface,
P is the precipitation, and E is the evapotranspiration. For larger areas and longer time periods
(such as a year) observations have shown that dS/dt is small compared to the other terms of Eq.
(1) (Peixoto, 1993). Thus, Eq. (2) is valid for the long term annual means in a large catchment
with the discharge Q:

P-E=Wpp=0 )

From the annual means of precipitation, which are larger than observed for both climate
models, it is expected that the simulated discharges (cf. sum of runoff and drainage in Table 2)
should also be larger than observed. This is the case for REMO, but not for ECHAM4, where
the amounts of runoff + drainage agree well with the observed discharges. Since Eq. (2) should
be valid for the five years of the ECHAM4 simulation, this leads to the conclusion that
ECHAM4 computes too much evapotranspiration for both catchments. Wild et al. (1996)
stated that ECHAM4 would compute realistic surface fluxes if the land surface gets the correct
atmospheric forcing. Thus, the overestimation of evapotranspiration seems to be caused by
deficiencies in the atmospheric part of ECHAM4.

Slighter differences between observed and simulated hydrological values may occur, because
of the different time periods used for the simulations and some observations.
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6. Conclusions

The HD model performs well for the two Baltic sub-catchments of Bothnian Bay and Bothnian
Sea. From the atmospheric REMO simulation, too much discharge is computed for both
catchments since REMO produces more precipitation than observed. There is also an
overestimation of precipitation in the ECHAM4 simulation so that the corresponding realistic
discharge amounts prove that the evapotranspiration of the ECHAM4 simulation is too large in
both catchments.

The simulated inflows show also that the snowmelt in spring occurs too late in the REMO
simulations (especially for the Bothnian Bay), which is based on the erroneous simulation of
the 2m-temperature. The 2m-temperature is generally simulated too cold throughout the year
and the rise above the freezing point in spring occurs about 1 month too late in both
catchments. Contrary to this ECHAM4 simulates the snowmelt in the Bothnian Sea catchment
too early. In both regions the snowmelt of REMO is about one month later than the snowmelt
of ECHAMA4.

In this study, the external boundary conditions of REMO were defined by an atmospheric
model simulation, the errors of which may be transported into the climate patterns of the
REMO region. In order to exclude any systematic errors from atmospheric model simulations,
high quality external boundary conditions from analyses should be used in validation exercises
which will be done in the future.

Since problems in the simulated hydrological cycle of global and regional climate models may
most likely be related to systematic errors in the general circulation, future model
improvements should focus on the correct representation of the atmospheric general
circulation in both REMO and ECHAM4. For regional climate models, actual analysed data
should be used as external spatial boundary conditions.

In the near future longer climate simulations with REMO using ECHAM4 physics and the
limited area model HIRHAM4 will be done. The HD model will be applied to these
simulations and the simulated inflows into the Baltic Sea will be also compared to the results
presented in this paper. A further improvement of the HD model parameterizations using other
gridbox characteristics may be achieved if new or improved global datasets become available
at 0.5° resolution.
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