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Abstract A module fo downscale meteorological quantities for use in
hydrological models was developed to couple hydrological and
meteorological models. [f considers the hydrological processes of the
catchment in the meteorological model. The latter provides the precipitation
data for the hydrological model. The principat applicability of the module was
tested. The resulis of simulations with and without this two-way-coupling
confirm that even on a short time scale the coupling affects the metcorological
prediction. Nevertheless, runoff is insensitive to changes in precipitation rates
of less than 2 mm day™,

INTRODUCTION

Landscapes are heterogencous over (almost) all scales and, hence, also on the scales
resolved by hydrological and meteoroiogical models. The understanding of this
(subgrid-scale} heterogeneity and its representation in meteorological as well as in
hydrological models is a major task addressed within the GEWEX (Global Energy and
Walter cycle EXperiment) to appropriately simulate the water cycle. The coupling of
hydrological and meteorological models is a logical step from which both the models
may benefit. In meteorological modelling such a coupling may be of particular
relevance for studics of the local recycling of precipitation because the latter may be
strongly affected by evapotranspiration and soil moisture feedback.

Obviously, the temporal and the spatial scales considered in hydrological models
allow much longer time steps but require much finer model grid resolutions than those
used in meteorological models. Unfortunatcly, in meteorological models a better
representalion of the surface characteristics may not be achieved by a finer grid
resolution duc to parameterization limitations, the limited availability of initial data
and insufficient computer resources. In order to couple meteorological with hydrological
models, the scale differences have to be bridged by aggregation/disaggregation. First,
paramelerizations to downscale hydrologically relevant quantities provided by the
meteorological model are required to ulilize evapotranspiration and precipitation as
input to the hydrological model. Second, the quantities delivered by the hydrological
model have to be upscaled for the use in the meteorological model. In our contribution,
a simple conceptual module is presented that allows such a coupling to be achieved.
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BESCRIPTION OF THE DOWNSCALING PROCEDURE

Since the intention was to develop a module that may be used for meteorological
modeis of various types and with different types of hydrological models, here only the
details of the module are given. The Leipzig version of the non-hydrostatic model
GESIMA (Geesthacht’s SImulation Model of the Atmmosphere; Kapitza & Eppel, 1992;
Eppel ef al., 1995) was used to develop and to test the module.

An explicit subgrid-scheme, first suggested by Seth er @/ (1994) for the global
scale, is adapted for the mesoscale to downscale the hydrologlcally relevant qumt1ties
(Moldels et al., 1996). A higher resolution grid (1 = 1} am %) is defined, congisting of N’
(= 25 in our study) subgrid cells per grid cell (5 % 5 km’; Fig. 1). These subgrid cells
are constdered to be homogeneously covered by their dommdnt vegetation and soil
types. Unique energy and hydrological budgets (equations (1)—(4)) are maintained for
cach subgrid cell using the subgrid cell surface characteristics and the microclimate at
the representative location. This means that in each subgrid cell the fluxes are
individually calculated with their own subgrid soil forcing and near-surface meteoro-
logical forcing in the immediate vicinity of the Earth’s surface. Soil wetness, soil
temperature, near surface air temperature and hurmdity are stored for each subgrid ell.
They are used to determine these quantities in the next time step. The fluxes of latent
heat, L.E, sensible heat, H, the net radiation, (J, and the soil heat flux, G, of the mth
subgrid cell of the jth grid cell are given by (Malders ef al., 1996}):
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Here, the subscripts = reference height (located at the first half level in 10 m height
above ground), g = ground, w = water and f = foliage surface. The potential
temperature, the temperature, the specific humidity, the specific humidity of saturation,
and the wind are denoted as @, 7, g, g5, and u respectively. Furthermore, p, o, &, A, 6, 5
and L refer to the density of air, the albedo, the emissivity of the surface, the soil
thermal conductivity, the Stephan-Boltzmann constant, the shortwave and the
longwave radiation, respectively. The specific heat at constant pressure and the latent
heat of condensation are denoted as ¢, and L,. C; and C; are the transfer coefficients
for heat and water vapour. Furthermore, g; is the canopy conductivity which depends
on the maximum evaporative conductivity, the insolation, the water vapour deficit, the
air temperature and the soil wetness factor, f(e.g. Deardorff, 1978).

The coupling of the subgrid cells to the jth atmospheric grid cell is realized by the

arithmetic average of the individual subgrid cell fluxes, F', to provide the grid cell

wf
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fluxes, F}:
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Assuming that precipitation increases with elevation, precipitation, Py, can be
heterogenized by (Mélders et al., 1996)

IDm‘j - (Zm,j /zj )PJ (6)

Here, z; and z,,; are the mean terrain height of the jth grid cell and the mth subgrid cell
and P; 1s the mean precipitation predicted for the jth grid cell by a sophisticated five
waler class (water vapour, cloud water, rainwater, ice, graupel) cloud module (Mélders
et al., 1997). Equation (6) ignores the fact that parts of the grid cell might not receive
precipitation at all. Hence, it has to be further developed for convective precipitation
events in the future.

DESCRIPTION OF A COUPLING WITH A HYDROLOGICAL MODEL

Todini (1988) suggested that the distributed integral or the lumped integral models are
of special interest for the coupling with GCMs (General Circulation Models) and NWP
{(Numerical Weather Prediction) modcls. In order to derive suitable parameterizations
{quasi) distributed differential hydrological modcls should be used which are based on
the fundamental laws of hydro- and thermodynamics such as SHE (Systéme
Hydrologique Européane) (e.g. Refsgard er «l., 1992). Although such hydrological
models seem to be betler suited for a coupling with a meteorological model, in our
study the conceptual model NASMQO (NiederschlagsAbfluf-SimulationsMQdell, i.e.
precipifation runoff model; Maniak, 1996) was used for initial tests due to iis
simplicity. This model offers the opportunity to concentrate on the principal possibility
of a realization of a two-way-coupling. In NASMOQO, the curve number method is
applied. The total rainfall volume is allocated to (a) the initial abstraction which is the
amount of storage that must be satistied before flow can start, (b) the retention of water
{after the end of the initial abstraction), which does not contribute to the flow, and (c)
the flow (Maniak, 1996). The infiltration of water within grid cells of 100 m side
length is determined according to Kleeberg & Overland (1989) and aggregated for the
1 % I km® subgrid cells of the meteorological model (Fig. 1). Since the main focus of
this paper is to describe the module, which is required in a meteorological mode! to
realize such a coupling, the interested reader is refened to Maniak {1996) for details on
the upscaling procedure of NASMO and related sensitivity studies.

In nature, the coupling of the atmospheric and the land phase of the water cycle
occurs through mass (precipitation and evapotranspiration) and energy exchanges. In
this study as a first step the coupling 1s based on mass conservation only to avoid
additional degrees of freedom. Therefore, the freezing of the soil is the only
temperature effect which is considered in this study. A conceptual balance is made
between the sources ol water (precipitation, groundwater discharge and lateral inflow),
the sinks of water (lateral outflow, groundwater recharge and evapotranspiration} and
the change in soil wetness (equation (7)). The difference between the lateral in- and



90 Nicele Mélders er al.

Coupling of the meteorological and the hydrologic model
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Fig. 1 Schematic view of the downscaling applied in the meteorological model. The
ditferent grey levels represent different types of land use.

outflow within a 1 x 1 ki’ box is determined by the hydrological model. Tt serves as
an input for GESIMA as one component of the change of soil wetness within the
respective subgrid cell. Data are exchanged hourly. Hence, in the jth grid cell the
change in soil wetness of the mth subgrid cell 15 given by:

a j Em i _P cm Rm f
ﬂ”!j == - + (1 j;u ;) u + Bm,j > (7)
at Wicm jpw pw Icm,jpw
with f,,; = 1 in the catchment, 8, ; = 0 else/no re-coupling. Here, ¢ is the time, pw 18 the

density of water, and R is the dilference between the lateral in- and outflow,
respectively. o is the capitlary factor and wy represents the amount of water that a soil
layer may take up before saturation occurs. The first term on the right hand side of
equation (7} represents the external forcing by evapotranspiration and precipitation.
The sccond term represents the transport of water from the groundwater to the surface,
and the third term delivers the contribution of the catchment.

DISCUSSION OF THE PRELIMINARY RESULTS OF A COUPLED TEST
SIMULATION

Two simulations were performed for the flooding event in the Harz (a mountainous
arca in central Germany) in April 1994, NASMO was once driven by GESIMA (REF,
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Kig. 2 Fractional differences between the soil wetness factors predicted by the
reference simulation (REF) and the twe-way-coupled simulation (GWN) for midnight
after 24 h of simulation for 13 April 1994. The coupling area is the southcrn Aller
catchment (thick lines) which includes the Leine basin (thin lines). Note that the box
indicates the model domain of the metcorological model {see text for further
information}.

reference simulation) and once with a two-way-coupling (GWN). To have a larger
coupling area the Leine basin and the neighbouring catchment which also belongs 1o
the Aller catchment (Fig. 2} were linked.

Since the main focus is on the testing of the coupiing and not on the performance
of GESIMA, the comparison of the observed and the simulated precipitation will be
briefly discussed here. The intensity of precipitation was generally underestimated for
low values while locally the extremes were overestimated by both the runs (not
shown). REF tended to underestimate less and to overestimate more strongly than
GWN. Moreover, there was a shift in the positioning of the precipitation ficlds. The
mispredictions may be related to the fact that for simplicity the lateral boundaries of
GESIMA were held constant throughout the simulation time in these first tests.
Consequently, no new fronts could move into the model domain. Note that the
meteorofogical prediction can be improved by the nesting of GESIMA into a larger
scale NWP model. '

Since the real weather situation is unsatisfactorily predicted, only the effect of the
coupling on the predicted quantities, (0, is examined using fractional differences,
18 =(Orer— Crm(Qrer + Cpupd- This measure ranges from -1 to 1, with negative
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Fig, 3 Fractional ditferences between the evapotranspiration predicted by the reference
simulation (REF) and the two-way-coupled simulation {GWN} for noon after 12 h of
simulation.

and positive values indicating larger values for the GWN and the REF case,
respectively. If both runs predict the same values, the fractional difference will be
Zero,

Both the lateral soil water flows and surface runoff are usually neglected in
meteorclogical models. Consequently, if precipitation occurs and the soil becomes
saturated, all the excess water will be excluded from the water cyele. This is the case
for REF. This, among other factors, contributes to the lower domain averaged soil
moisture in REF as compared to GWN (Fig. 2). In GWN, however, water will run off
to lower subgrid cells if the soil is saturated. The coupling leads to a quicker drying
of mountain areas after a precipitation event. Moreover, the valleys correctly get
wetter in GWN than in REF. This modifies evapotranspiration (among other
things) (Fig. 3} and slightly affects precipitation through the local recycling of
water (Fig. 4).

A comparison of the coupled and uncoupled regions shows that coupling has a
marked effect especially on the predicted precipitation in the basin. Note that outside
the basin, differences between GWN and REF occur which result from numerical
truncation and the different advection. Only positive fractional differences occur, This
indicates also that the intensity of precipitation is reduced in GWN as compared to
REF. The fractional difference of 1 illustrates that the horizontal extension of the
precipitation fields is reduced in GWN.
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Fig. 4 Fractional differences between the precipitation predicted by the reference
simulation (REF) and the two-way-coupled simulation (GWN) for noen after 12 h of
simulation.

Although the precipitation rates, the evapotranspiration rates and the soil weiness
differ by a factor of 2 and more, at some locations (Figs 2, 3, 4), the runoff predicted by
NASMO is quite insensitive to precipitation rates of less than 2 mm day” . Such (too)
low precipitation rates were predicted by GESIMA for large areas of the basin.
Nevertheless, this insensitivity indicates that on a short-time scale {~ several hours to
1day) slight errors in the intensity of the predicted precipitation and in the
evapotranspiration may be of minor importance, if no intense showers occur.
Therefore, under conditions of frontal, stratiform-type rain, greater time steps seem to
be suitable for the coupling. Note that the above-mentioned misprediction of the
distribution and intensity of precipitation plays a more important role than the
differences between the runs with and without coupling. This misprediction causes a
worse forecast of runoff than that provided by a run using measured precipitation data
as input.

In meteorology, runoff is often defined as the difference between precipitation
and evapotranspiration. This is only trie for long time scales and certainly not true
for hours. A comparison of Figs 5 and 6 illustrates that the runoff predicted by
NASMO and the runoff determined according to the definition above considerably
differ with respect to pattern and inlensity. This means that the evaluation of
land use and climate changes requires a sophisticated calculation of runoff in
GCMs.
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Fig. 5 Runoff as predicted by NASMO after 24 h of simulation without two-way-
coupling (REF).

CONCLUSIONS AND OUTLOOK

A technique to couple a hydrological and a metcorological model has been presented.
The technique presented here can be regarded as a first test to determing if a coupling
of these models might be useful even for mesoscale meteorological models that run
only on a short time scale (~1 to 3 days). Further efforts are still required. An imporfant
point to be addressed in the future is the degree of feedback realized between the
models. A high degree of feedback dramatically increases data exchange and model
complexity as a consequence of the interaction between the models. Sensitivity studies
are needed to investigate which of the common quantities should be taken from which
of the models. This has to be dene in close connection with the validation of the
coupled model package. Generally, hydrological and meteorological models should be
chosen that have similar parameterizations at the earth-atmosphere boundary,
Otherwise there are many inconsistencies.

At present, a coupled simulation requires a lot of manpower because the models
run at Leipzig and Braunschweig, respectively. The data are updated hourly via ftp and
are transformed to the respective model grids. The procedure needs lo be automated
and 1o be computationally improved before being routinely applied in meteorclogical
modelling or before use for flood forecasting which is a future goal. The hydrological
model should be implemented as a subroutine of the metcorological model 1o save
computation time.
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Fig. 6 Runoff as calculated from the difference between precipitation and
evapotranspiration after 24 h of simulation with REF.

The attempts to couple hydrological and meteorological models are still at a very
early stage. Therefore it is not expected that the calculations of the hydrological model
will be improved when being driven by a meteorological model. Nevertheless, the tests
have shown that there is an impact of the surface hydrology on cloud and precipitation
formation even on the short time scale. Therefore, a meteorological model may profit
from being coupled with a hydrological model.
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