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Abstract:

The paper discusses problems encountered while implementing a downscaling experiment for testing
the potential impacts of changes in temporal precipitation patterns on the biogeochemical properties of
the lagoon of Venice. The paper shows how coupling different models implies redefining the
boundaries, as well as space and time scales of the systems to be modelled, carefully revising model
assumptions and parameterization, and possibly integrating new elements in the model. The paper
also details how, in order to account for changes and adaptation in planktonic pools, a structural
dynamic model was implemented by linking the kinetic parameters of a pre-existing calibrated
functional response to the recent evolution of environmental conditions. Parameterizations of the
boundary conditions of rescaled models and of links among models are also discussed.
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1. Introduction

Analyses of the potential impacts of climate changes are complex studies as they necessarily
involve considering processes acting on different spatial and temporal scales. Indeed, the crux of
so-called downscaling experiments is to consider the consequences of global processes on local
scales (von Storch et al. 1993). This entails integrating and reconciling local and global models,
which are designed to operate at different scales and for different purposes and therefore adopt
different levels of process resolution and approximations. In the literature, this is often attempted
by nesting - usually via an off line scheme - a cascade of models of different complexity and
resolution (Najjar et al. 2000, Uncles 2003).

Although this approach is viewed as zooming in towards a finer and finer resolution of space, time
and physical processes, it is often implicitly a combination of local model upscaling and global
model downscaling. More generally, the integration of models operating at different scales can be
more clearly analysed by recognizing that it includes three conceptually distinct steps: a) choosing
the space and time scale of the system to be modelled (system definition), b) rescaling both local
and global models to cope with the newly defined scales, c) coupling the rescaled models. This
might require adopting new parameterization of specific processes and introducing new definitions
for boundary conditions that are seldom explicitly described and discussed.

We focus on the potential impacts of changes in temporal precipitation patterns on the
biogeochemical properties of a coastal lagoon (Venice, Italy). The idea is that climatic changes can
induce variations in precipitation patterns and substantially modify the timing and volume of
freshwater and nutrient delivery to coastal wetlands. The implementation of this approach, seldom
studied because of difficulties in describing these cascading effects (Scavia et al. 2002, Howarth et
al. 2000), requires assembling different models in a hierarchy that is used to explore the effects of
alternative scenarios. The results of the scenario analysis are reported elsewhere (Cossarini et al.
2008, Salon et al. 2008). The aim of this brief note is to offer some general remarks on
methodological problems encountered in downscaling experiments and to exemplify how some of
these problems have been tackled in a real application.

The section which follows gives details on the definition of the system and on the hierarchy of
models employed, section 3 deals with the re-parameterization of temperature functional response
for multi-decadal time scale while section 4 describes how the boundary conditions have been
defined in order to account for the models’ coupling.

2. Definition of the system and set-up of model hierarchy

The hierarchy of models used in our numerical experiments is built from 2 starting components, the
regional climate model RegCM (Giorgi et al., 2004a, Gao et al. 2006), and the biogeochemical
three-dimensional model TDM (Solidoro et al. 2005).

RegCM provides multi-decadal evolution of high-resolution atmospheric variables for the Euro-
Mediterranean region, including rain, irradiance, wind, humidity and air temperature. It solves
processes on spatial scales from 10" to 10® km and on time scales from days to multi-decade. A
subset of data referring to the drainage basin of the lagoon of Venice is used to force the bio-
optical and heat flux modules of the biogeochemical model of the lagoon, thereby enabling the
levels of water temperature and surface irradiance to be computed.



TDM is a validated model for the lagoon of Venice which simulates cycles of nitrogen, phosphorus
and carbon through dissolved inorganic phases, phytoplankton, zooplankton, detritus and upper
sediment compartments on spatial scales from 10™" to 10 km and on time scales from seasonal to
multi-year. This model is able to reproduce the seasonal evolution of major biogeochemical
compartments in different scenarios of meteorological forcing, nutrient loads, and water quality of
the adjacent Adriatic Sea (Solidoro et al. 2005).

The specific application entails simulating climatic conditions and biogeochemical processes on the
lagoon and its drainage basin (10" to 10 km) over a multi-decadal time scale. The best way to
proceed is to first upscale the local model, since it provides the proper resolution of the processes
of interest, then to downscale the regional climate model considering boundary conditions, forcing
and resolution of the upscaled local model.

The upscaling of TDM to multi-decadal simulation requires redefining the parameterization of
temperature influence (see section 3). Furthermore, in order to consider the effects of rivers and
exchanges with the sea, the redefinition of TDM model boundaries and their parameterization
(loads of nutrients from tributaries and open boundaries condition at the inlets) is appropriate too.
These inputs for TDM are not directly provided as RegCM output, and have to be computed by two
purposely identified statistical models, which use RegCM output as input data (see section 4). The
downscaling of RegCM to local scale is performed considering a subset of the original domain
centered over the area of the lagoon drainage basin. The averaged atmospheric fields over this
area have been considered as a spatially constant forcing for all TDM grid points and for the two
statistical models.

The cascade of models therefore consists of four components (Fig.1). RegCM (component 1)
provides the input for heat fluxes and bio-optical modules of TDM (component 2) and for the
statistical models which -in turn- compute nutrient loads (component 3) and boundary conditions at
the lagoon inlets (component 4). Further details are given in Cossarini et al. (2008), Salon et al.
(2008).

3. New parameterization of temperature influence

When using a model to project future scenarios, it is implicitly assumed that the simulated system
and the environmental conditions do not greatly differ from the setup used when identifying and
calibrating the model structure. In reality, when considering the impacts of climatic changes, it is
necessary to acknowledge a systematic variation in background temperature and the fact that
biological systems may change in response to this (Najjar et al. 2000).

A full description of this process would require incorporating an evolutionary model capable of
reproducing adaptation and changes in functional response of the simulated organisms. A model
for possible invasions of alloctonous species would also be appropriate. Unfortunately, this would
increase the complexity of the analysis probably beyond our present level of knowledge. Indeed, a
number of downscaling experiments, including even highly sophisticated approaches (Vichi et al.
2003), simply do not consider this point.

Alternatively, we could recognize that evolution/adaptation takes place, and that the response to
environmental conditions of the pool of species observed at any given time is the result of
evolutionary processes coded in DNA and captured by kinetic parameters. Then it is possible to
use a structurally dynamic model, i.e. a model having parameters that are continuously varied in
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time, in order to account for adaptations and shifts in species composition (Jergensen, 1986). In
literature, parameters of structurally dynamic models are changed in agreement with expert or
empirical knowledge, or by optimization of so-called goal functions.

A simpler way to incorporate the results of evolutionary drift could be to link kinetic parameters to
recent history of environmental conditions. We considered that when there is a change in average
temperature (T), a species either adapts its response to new conditions, or it is replaced by another
species which fits better in the new environment. If the change is almost monotonic and slow
enough to allow adaptation by recombination of the genetic pool (and subsequent selection), as in
our case, one can then assume that the shape of functional response to changing variables does
not overly vary, but is simply shifted toward higher (or lower) values of that variable. In other words,
kinetic parameters change, whereas kinetic laws, considered to be an expression of physiological
and thermodynamic constraints, do not. This assumption, besides being coherent with niche
theory, appears to be supported, to some extent, by experimental observations (Suzuki and
Takahashi, 1995).

In practice, given a functional response to a forcing, Env, f(Env, par), where par represents the
vector of kinetic parameters, it is possible to rewrite it as a function of the anomaly of the forcing,
EnvAn, as f(EnvAn, par’), where EnvAn = Env-Env,, , Env, is the average of Env over a suitable
period, and par’ is the vector of re-calibrated kinetic parameters.

In our case, the original formulation used in TDM for modelling the dependence of phytoplankton
growth on water temperature was an empirical function proposed by Lassiter and Kearns (1974),
calibrated to reproduce seasonal evolution in a scenario of present environmental conditions. This
function is characterized by an exponential increase up to an optimal temperature T, and a decline
above it until vanishing at a cut-off temperature, T,:

f(Ta)=[(T, -T)/T, T )" explb( -T,)].

This function can be rewritten as a function of temperature anomaly t=T —T
and t, =T, —T,,:

by replacing the

avg ’

parameters T, and Towith t, =T, - T,

f(t.a)=[(t, ~t)/t, —t, I explblt—t, ) ].

The last point to be defined is the choice of the time interval over which one should compute Ta,
and the frequency of updating of the formulation (T, , T, and b are calibrated once only against
present situation, but T,y changes). Since evolution is a continuous process in which stochastic
events play an important role, this choice cannot be objective. Following the approach of Giorgi et
al. (2004b), we consider an update frequency of 10 years. This temporal interval was used to
update the concentrations of greenhouse gases in forcing RegCM future scenario simulations.
Other functional responses to temperature are treated in a similar way.

4. Parameterization of the missing processes

The boundary conditions required by a local model are often not readily available as direct output
of larger scale models, nor is a model available for them. Hence integration of the regional and
local models requires some attention to the definition of proper models and/or transfer functions for
the missing links.

4.1. Nutrient loads from rivers

We followed a two step procedure. First, a logarithmic regression between observed annual
precipitation and nutrient loads is used to predict annual nutrient loads from RegCM projection of
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precipitation (left side of Fig. 1). Historical data used in the regression were collected during a 3
year monitoring program of the water quality of the lagoon of Venice (Solidoro et al. 2004). The
choice of a logarithmic regression takes into account saturation effects, as well as the fact that
nutrients accumulate in soils and underground waters during dry periods, and are flushed into
rivers during wet periods (Justi¢ et al., 2005). Secondly, daily precipitation load is computed by
partitioning the annual load on the basis of simulated daily rain intensity, raing. In particular,
monthly loads L, are assumed to be proportional to monthly precipitations rain,,, and daily loads L4
are estimated as a weighted sum of a ‘normal flow’ and a ‘flood event’ related components. The
first is a linear interpolation, computed by assuming that each monthly load, normalized by the
number of days of each month’s dayy, is assigned at the 15th day of the month. The second is
proportional to the daily amount of precipitation over the monthly amount of rain, with no delay
coefficient since the response time to a storm event is of order one day for this basin (Zuliani et al.,
2005). Daily loads are:

Lm+l/daym+1 B Lm/daym 7, +(1_ ) ra-lnd Lm and Lm — rain, L

(day,,, +day, )/2 rain_ rain,

L, =a

y

where 7, is the number of days after the 15th day of the month. The parameter « represents the

quota of the monthly load that is due to normal flow. In agreement with suggestions given in
Rinaldo et al (2006) we chose a value of 0.6. Finally, the daily loads were divided by 24 to obtain
the hourly loads, and partitioned among the 12 tributaries proportionally to annual outflows
recorded in a monitoring program of the catchment basin (Zonta et al. 2005).

This parameterization of nutrient loads is very simple but allowed us to consider the effect of river
inputs. Furthermore, considering that the implementation of sophisticated methodologies (Neff et
al. 2000, Tappin et al. 2002) requires a huge amount of information which was not (and seldom is)
available. The final aim of our work is to derive a seasonal climatology by averaging over multi-
decadal simulations, which we believe to be acceptable.

4.2. Boundaries conditions at the inlets

The boundary conditions at the lagoon inlets, Cq4 , are also given by a two step procedure. In this
case, specifically identified linear regressions predict seasonally averaged values of concentrations
of variables of interest, Cs, according to RegCM simulated seasonal precipitation rains. Then, a
somewhat arbitrarily defined operator returns a smooth modulation in time for each parameter,
using observed daily evolution as a template. The linear regressions are based on seasonally
grouped data collected within a water quality monitoring program of the coastal area adjacent to
the lagoon for the period 1991-2004, and on daily precipitation data from the same time interval.
We chose to work on a seasonal base because in this case the data set was rich enough to allow
this choice, and accordingly the results of the regressions were more significant. The daily
evolution used as a template in the definition of the modulating operator, My, is computed by cubic
spline interpolation of monthly data collected close to the inlets (Solidoro et al. 2004). Daily
evolution My is then multiplied by daily weights arising from linear interpolation of the ratios
between the seasonal concentrations predicted by the statistical regression, C; and the seasonally
averaged concentrations of the daily values referring to the same period, <Mg>s.

Finally, an error noise of normal distribution, zero mean and standard deviation equal to the
standard deviation of the observations, is added to the regression model when the p-value of
statistical regression exceeds the limit 0.2. The boundary conditions read as:



C M -C. /(M
¢, -| SealMelosZClMu)e |t ana €, -, + v, e (0,58 i >0.2].

Again, we recognize that this parameterization is very simple. However, the definition of open
boundary conditions in climatic simulations is a difficult issue, and there is no consensus on how to
solve it. Indeed, although the issue is critical it is seldom addressed in literature. For example
Uncles (2003) states that there are significant approximations in his approach, whereas the point is
not discussed explicitly in Justic et al. (2005) and Vichi et al. (2003) avoided the problem by using
a closed 1D system. The parameterization here proposed is a contribution towards resolving an
issue which still appears to be open.

5. Conclusion

The goal of this paper is to highlight, by providing a working example, that the coupling of different
models working at different scales is never a trivial operation, nor a merely technical one. Indeed
this integration implies redefining the boundaries and the space and time scales of the systems to
be modelled. In turn, this implies careful revision of model assumptions and parameterization, and
possibly including new elements in the model.

The case discussed here illustrates these points well, by clarifying that this integration is a three
step process: system definition, model rescaling, and model coupling. Our example also illustrates
how we addressed some of the difficulties encountered in the definition of boundaries conditions,
missing processes and links among rescaled models in a real application. These details are often
considered technicalities and are not fully described in scientific literature, even if they might well
be important, indeed sometimes critical.

Finally, the study provides an example of how structural dynamic models can be used for first
parameterizations of changes in structure and functioning of biological communities, also as a
consequence of adaptation and evolution.

Acknowledgements

The authors would like to thank the IGBP programs IMBER and GLOBEC as well as the European
Union’s 6th Framework Program Network of Excellence EUR-OCEANS for funding the symposium
on “Parameterization of Trophic Interactions in Ecosystem Modelling”, Cadiz, March 2007, and the
meeting conveners for the invitation to participate.

References

Cossarini C., Libralato S., Salon S., Giorgi F., Solidoro C., 2008. Downscaling experiment for the
Venice lagoon. Il. Effects of changes in precipitation on biogeochemical properties, Clim.
Res. 38 (2008) 43-59.

Gao X, Pal JS, Giorgi F (2006) Projected changes in mean and extreme precipitation over the
Mediterranean region from a high resolution double nested RCM simulation. Geophys. Res.
Lett., 33, LO3706, doi:10.1029/2005GL024954.

Giorgi F., Bi X., Pal J.S., 2004a. Mean, interannual variability and trends in a regional climate
change experiment over Europe. |. Present-day climate (1961-1990). Climate Dynamics, 22:
733-756.



Giorgi F., Bi X., Pal J.S., 2004b. Mean, interannual variability and trends in a regional climate
change experiment over Europe. Il: climate change scenarios (2071-2100). Climate
Dynamics, 23: 839-858.

Howarth R.W., Swaney D.P., Butler T.J., Marino R., 2000. Climatic control on eutrophication of the
Hudson River estuary. Ecosystems, 2: 210 — 215.

Jgrgensen, S.E, 1986. Structural dynamic model, Ecol. Model. 31, pp. 1-9.

Justi¢ D., Rabalais N.N., Turner R.E., 2005. Coupling between climate variability and coastal
eutrophication: Evidence and outlook for the northern Gulf of Mexico. Journal of Sea
Research, 54: 25-35

Lassiter, R.R., Kearns, D.K., 1974. Phytoplankton population changes and nutrient fluctuations in a
simple aquatic ecosystem model. In: Middlebrookes, E.J., Falkenberg D.H., Maloney, T.E.
(Eds), Modeling the Eutrophication Process. Ann Arbor Science, pp. 131-138.

Najjar R.G., H.A. Walker, P.J. Anderson, E.J. Barron, R. Bord, J. Gibson, V.S. Kennedy, C.G.
Knight, P. Megonigal, R. O'Connor, C.D. Polsky, N.P. Psuty, B. Richards, L.G. Sorenson, E.
Steele and R.S. Swanson, 2000. The potential impacts of climate change on the Mid-Atlantic
Coastal Region. Climate Research, 14: 219-233.

Neff R., Chang H., Knight C.G., Najjar R.G., Yarnal B., Walker H.A., 2000. Impact of climate
variation and change on Mid-Atlantic Region hydrology and water resources. Climate
Research, 14: 207-218

Rinaldo A., Botter G., Bertuzzo E., Uccelli A., Settin T., Marani M., 2006. Transport at basin scales:
2. Applications. Hydrology and Earth System Sciences, 10, 31-48.

Salon S., Cossarini C., Libralato S., Solidoro C., Giorgi F., 2008. Downscaling experiment for the
Venice lagoon. |. Validation of the present-day precipitation climatology. Clim. Res. 38 (2008)
31-41.

Scavia, D., Field J.C., Boesch D.F., Buddemeier R.W., Burkett V., Cayan D.R., Fogarty M., Harwell
M.A., Howarth R.W., Reed D.J., Royer T.C., Sallenger A.H., and Titus J.G., 2002. Climate
Change Impacts on U.S. Coastal and Marine Ecosystems. Estuaries 25: 149-164.

Solidoro C., Pastres R., Cossarini G., Ciavatta S., 2004. Seasonal and spatial variability of water
quality parameters in the lagoon of Venice. Journal Marine System, vol. 51, pp. 179-189.
Solidoro C., Pastres R., Cossarini G., 2005. Nitrogen and plankton dynamics in the lagoon of

Venice. Ecological Modelling, 184: 103-124.

Suzuki S. and Takahashi M., 1995. Growth responses of several diatom species isolated from
various environments to temperature. Journal of Phycol. 31, 880-888.

Tappin A.D., Harris J.R.W., Uncles R.J., Boorman D., 2002. Potential modification of the fluxes of
nitrogen from the Humber Estuary catchment (U.K.) to the North Sea in response to changing
agricultural inputs and climate patterns. Hydrobiologia, 475/476: 65-77

Vichi M., May W., Navarra A., 2003. Response of a complex ecosystem model of the northern
Adriatic Sea to a regional climate change scenario. Climate Research, 24: 141-159.

von Storch H., Zorita E., Cubasch U., 1993. Downscaling of global climate change estimates to
regional scales: an application to Iberian rainfall in winter. Journal of Climate, 6: 1161-1171.

Uncles R.J., 2003. From catchment to coastal zone: examples of the application of models to some
long-term problems. The Science of The Total Environment, 314-316: 567-588.

Zonta R., Costa F., Collavini F., Zaggia L., 2005. Objectives and structure of the DRAIN project: an
extensive study of the delivery from the drainage basin of the Venice Lagoon (ltaly).
Environmental International, 31: 923—- 928.

Zuliani A., Zaggia L., Collavini F., Zonta R., 2005. Freshwater discharge from the drainage basin to
the Venice Lagoon (ltaly). Environment International 31, pp.929 — 938.



Figures

£ 73 fwﬂ"’
V,J
%}4 RegCM
ran ”‘t‘ - ’ w,,(’f” rain
,._.‘,__JJ r e l
| T g {
e . i) O U N gé—gc{ ¢ Statistical model of lagoon-Adriatic
Statistical model of nutrient loads L= f_ﬁ_,kﬂi < g,‘;_',‘%.'u,’j\/_\? S g
from the drainage basin /f‘“’" e C’/‘ €4 boundary
s000 ——— ' e e - S
5000 2002 : T‘—/ é 1§ - b l
2 000 2001 7 °
2063 Soll Thermal 3 16) SPR e
200 * Lon=2845"Ln(rain)-15276 TDM :;:':nrirm .t),\:!',z.'ew (».\-j(-fu;:agm g 2',7 — == = ‘1
2000 Freareation, ‘J L
- H s 18] sum l
260 . Water g s et
- [ 200 | =] oyl e
s 2 l / - wL AUT S=—=r ‘_l
160 2905 é T S
il Lop=176"Ln(rainyo81| | [ | L f L TEmoy--R==== o
80 50 100 150 200 250 300 350 400
@ wo e u o TR -
(c][r]~] |
Nutrient | | = g “Exchanges at the sea-
loads lagoon inlets
Scenario run
1.2
1
0.8+
H H HH I l
0.4 1’ r
0.2
= 1962 1964 1966 1968 19?0 19?2 1974 1976 1978 1980 1982 1984 1986 1988

Figure 1. Layout of the downscaling approach. The scheme depicts relationships among the
RegCM (component 1, the upper panel shows the domain), statistical models (component 3 and 4,
left and right boxes), TDM (component 2, the central panel illustrates main biogeochemical
processes considered; modified from Solidoro et al. (2005) with permission from Elsevier). The
lower plot gives an example of the multi-decadal output (spatial average and dispersion of

concentrations of chlorophyll). The box in the upper map indicates the area of interest.
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