Chapter 11

Long-Term Model Simulation of Environmental Conditions
to Identify Externally Forced Signals in Biological Time

Series

Karina Stockmann, Ulrich Callies, Bryan F.J. Manly,and Karen H. Wiltshire

Abstract A case study is presented to demonstrate
the added value which can be gained from combining
long-term biological observations with model-based
hind casts of physical environmental conditions. The
study utilizes numerically simulated high-resolution
fields of currents and water levels in the North Sea
to investigate the relevance of hydrodynamic condi-
tions for the occurrence of phytoplankton blooms, as
observed at Helgoland Roads in the inner German
Bight. Inter-annual variations as well as a possible
regime shift are discussed with regard to the spring
mean diatom day. The long-term high-resolution simu-
lations of the North Sea circulation are taken from the
data base ‘coastDat’.

Keywords Hydrodynamics - Long-term time series -
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11.1 Introduction

Trends and shifts of biological parameters in the
North Sea and Wadden Sea are an important topic
broadly discussed in the literature. Examples of inter-
est are increased abundances of polychaetes in the
western Wadden Sea (Beukema, Cadee, & Dekker,
2002), changes in the timing and abundance of zoo
and phytoplankton species in the late 1970s (Edwards,
Beaugrand, Reid, Rowden, & Jones, 2002) or the
late 1980s (Dickson, Colebrook, & Svendsen, 1992;
Edwards et al., 2002), changes in the abundance and
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distribution of North Sea fish stocks in the late 1970s
(Corten, 1990) or 1980s (Reid, DeFatima-Borges, &
Svendsen, 2001). The existence of discernible regime
shifts has been proposed for the years around 1979,
1988, and possibly 1998 (Radach & Pitsch, 2007;
Weijerman, Lindeboom, & Zuur, 2005).

The temporal evolution of ecosystems, via the
growth of primary producers, is largely driven by vari-
ations of external physical forcing (e.g. Colebrook,
1986; Groger & Rumohr, 2006; Wiltshire et al., 2008).
The most obvious example is the seasonal cycle
brought about mainly by changes in radiation and tem-
perature. However, changes on many other time scales
have a bearing on the behaviour of ecosystems and
should therefore be taken into account for a meaningful
interpretation of biological time series. Changes of the
North Sea ecosystem have been assumed to be linked
to the Atlantic inflow (Turrel, 1992; Reid, Edwards,
Beaugrand, Skogen, & Stevens, 2003) or to local
hydro-meteorological forcing parameters (Beaugrand,
2004; Reid et al., 2001). Therefore, long and homoge-
neous data on the physical environment are a prereq-
uisite for the successful interpretation of time series of
long-term ecological monitoring programs.

Ideally data on physical external forcing should be
free of variation caused by changes in instrumentation,
measurement techniques, or observational practices,
which prevent reliable analyses of long-term trends
and variability. Unfortunately for the oceans and the
coastal zone such data are rare. Often observations
have been taken only for a limited period and are spa-
tially patchy or simply not available. Observed data
almost never cover the whole domain of interest with a
sufficient spatial or temporal resolution.

Numerical model simulations provide the option to
at least partially overcome these difficulties. If models
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are run in a hindcast mode, methods of data assimila-
tion may be applied to feed all available information
into the numerical model system over a continuous
time period (e.g. Salomon, Breton, & Guegueniat,
1993; Weisse & Giinther, 2007). Then the model’s
role is to transfer and spread this information in time
and space according to known physical laws. Each
time new data become available, these data will be
merged with the model state which summarizes all past
information up to the present point of time. The result-
ing best analysis may be stored on an hourly basis,
for instance, to guarantee sufficient representation of
short-term system variability. In meteorology such
model-based weather re-analyses (hind casts) based
on frozen state-of-the-art models have now become
common tools for atmospheric analyses. The so-called
global re-analyses projects (Kistler et al., 2001) pro-
vide gridded atmospheric data of best possible homo-
geneity for several decades, albeit at relatively coarse
spatial and temporal resolutions.

For coastal and offshore purposes atmospheric data
are the most essential boundary values. The global
atmospheric re-analyses may be regionally refined by
a nested modelling approach. The higher resolution
of atmospheric data may then be employed as upper
boundary conditions for numerical models dealing
with storm surge and wave simulations. Similar to
the global atmospheric model, all subsequent regional
scale high-resolution models may be run for many
decades to produce a consistent reconstruction of
regional scale weather-related variability.

The main objective of this chapter is to illustrate
the application of such detailed reconstructions of the
North Sea circulation on long-term biological obser-
vations. We report a case study dealing with the rela-
tionship between diatom abundances observed in the
vicinity of the island of Helgoland and reconstructed
hydrodynamic circulation patterns in the inner German
Bight.

11.2 The coastDat Data Set

The portal coastDat (www.coastdat.de) does not repre-
sent a hindcast initiative in itself. The idea of coast-
Dat is to provide a unique platform which hosts,
describes, and promotes such data sets (Feser, Weisse,
& VonStorch, 2001) and their key applications (Weisse

& Plii3, 2006). A unique combination of consistent
atmospheric and oceanic parameters is offered at high
spatial and temporal detail, even for locations and vari-
ables for which no measurements have been made.
Coastal scenarios are provided for the near future to
complement the numerical analyses of past conditions.
All data sets meet the following minimum quality
standards:

— Long and high-resolution reconstructions of recent
offshore and coastal conditions

— Performed with state-of-the-art frozen model sys-
tems

— Performed with as homogeneous as possible bound-
ary data

— Extensively validated with existing observational
data (e.g. Pli3, 2004; Weisse & Pliif3, 2006).

For the present study we used currents from
the coastDat data set that was produced within the
EU-funded project HIPOCAS (Hindcast of Dynamic
Processes of the Ocean and the Coastal Areas). The
data set consistently combines atmospheric simula-
tions with simulations of currents, sea levels and
waves. Figure 11.1 outlines how these partial data sets

Atmosphere

Shelf Sea

_

Transport

Fig. 11.1 Outline of the generation of consistent data sets
stored in coastDat: Numerical models for the atmosphere, cur-
rents, or waves are coupled to or nested within each other to
provide necessary boundary conditions. Lagrangian trajectory
calculations (transports) including estimates of travel times, for
instance, may be based on both shelf-sea currents and wind drift
effects. Model results are stored with an hourly resolution for
several decades; most data sets start in 1958
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are related to each other. Current and sea level fields
were produced by running the finite element model
TELEMAC 2D (Hervouet & van Haren, 1996). For a
more detailed simulation of the general model set up
the reader is referred to Pliifs (2004).

11.3 The Helgoland Roads Time Series

In 1962 a long-term pelagic monitoring program,
including plankton species composition, was started
at the island of Helgoland (54°11.3/N, 7°54.0/E) in
the North Sea by the Biologische Anstalt Helgoland,
on a work-daily basis (Hickel, Mangelsdorf, & Berg,
1993). This study focuses on the mean diatom day
(MDD) — a variable, which represents the mean tim-
ing of the diatom bloom. Wiltshire and Manly (2004)
computed it from the observed time series for the
quarters of each year (January—March, April-June,
July—September, and October—December). The MDD
was defined as

> fidi
> fi

where f; is the diatom count on day d; of the quarter.
The MDD of the spring bloom is defined for the
period from January to March. Observed annual values
are shown in Fig. 11.2. Smoothing the MDD using a 5-
year running mean Wiltshire and Manly (2004) show
a distinct shift around the year 1978. The main moti-
vation for the present study is to investigate whether

MDD =
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Fig. 11.2 Annual values of the spring bloom mean diatom day
observed at station Helgoland Roads. The black line represents
corresponding 5-years running means (after Wiltshire & Manly,
2004)

this shift can be explained by corresponding changes
of circulation patterns in the North Sea.

11.4 Methods

For the present study we chose water flow (product of
velocity and total water depth) as our basic physical
variable to be related to the biological observations.
Using water flow instead of velocity puts less empha-
sis on near shore shallow water currents and is in
line with a concept of mass balances. Since we were
interested in anomalies, all externally forced periodic
signals were removed from the current data as follows:
A Fourier analysis was applied to extract all variations
that are related to astronomically prescribed frequen-
cies with time scales up to one year. The resulting
filtered residual data contained neither tidal nor long-
term seasonal cycles. The filtering has been applied
to currents and water levels individually, prior to the
calculation of water flows.

Next we subjected the time series of hourly resid-
ual water flow fields to empirical orthogonal function
(EOF) analysis. This mathematical technique corre-
sponds to principal component analysis (PCA), and
a detailed description can be found in von Storch
and Zwiers (1999). Spatial patterns of water transport
anomalies in the inner German Bight are identified, the
amplitudes of which (principal components, PCs) can
be related to anomalies (i.e. inter-annual variations) of
the MDD observed at Helgoland Roads.

11.5 Results

Figure 11.3 shows the mean residual flow pattern (left
panel) together with the two most important anomaly
patterns which explain 70 and 17%, respectively, of
total residual variability. Time series of the annually
averaged amplitudes of the residual transport patterns
(i.e. the corresponding principal components, PCs) are
shown in Fig. 11.4 (PC 1 for pattern 1, PC 2 for
pattern 2). The mean residual transport not includ-
ing tidal effects turns out to be very weak (close to
zero). For this reason superimpositions of the two
anomaly patterns shown in Fig. 11.3 multiplied with
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their corresponding amplitudes closely approximate
actual residual flow patterns.

Due to the lack of sufficiently dense observations,
validation of modelled water flow fields is a difficult
task. It is even more difficult to validate water mass
exchanges between different regions, as such calcula-
tions amount to an integration of changing flow fields
over a certain span of time. Tracer experiments are the
only way to check in detail whether modelled water
mass transports are realistic (e.g. Maier-Reimer, 1977).
For the present study we chose a related approach to
check whether the model simulations can be regarded
meaningful. From the time series of salinity and nutri-
ent concentrations observed at Helgoland Roads, spe-
cial freshwater inflow events were identified. Within
six to eight hours salinity decreased by approximately
2%o0 and simultaneously an increase of nitrate and sili-
cate concentration was measured, which was mirroring
the salinity curve. An automated procedure extracted
about 150 of such events from the time series accord-
ing to two pre-specified objective criteria. In Fig. 11.4
these events are marked as black dots.

The first observation from Fig. 11.4 is that the sym-
bols which indicate freshwater signals are not evenly
distributed but tend to be clustered during certain peri-
ods. The second very interesting observation is that

there seems to be a relation between the occurrence of
freshwater events and the annual running mean ampli-
tudes of the water flow anomaly patterns. Freshwater
inflow events never occur with high positive values of
PC 2. According to the right panel of Fig. 11.3, a posi-
tive amplitude implies that the island of Helgoland will
be hit by water from the northwest. It is consistent to
assume that if this situation is dominant, freshwater
inflow from the coastal area of the inner German Bight
(or from the river Elbe) will be suppressed.

With regard to Fig. 11.4 the question of a possible
conflict of time scales may be raised. The freshwa-
ter events are defined on a time scale of the order
of two days. In the figure these events are combined
with annual averages of the PCs representing instanta-
neous patterns of water transport. We suggest reading
Fig. 11.4 in the sense that observed events are condi-
tioned by means of hydrodynamic conditions. It should
not be read in the sense that actual residual currents
can be used as efficient predictors for the occurrence
of freshwater events. Typically, freshwater from the
river Elbe that arrives at Helgoland has been trans-
ported by changing currents for about two weeks,
which by far exceeds the time span during which
the resulting freshwater signal can be observed at
Helgoland.
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By definition, the time coefficients (PCs) that
belong to different EOFs (i.e. anomaly flow patterns)
must be uncorrelated. This holds for time series of
instantaneous values. According to Fig. 11.4, however,
annual averaging produces a significant amount of neg-
ative correlation between the two PCs. Figure 11.5
shows correlation between the two PCs as a function of
the smoothing interval. A negative correlation between
the two time series originates rapidly when the smooth-
ing interval is extended up to about two weeks. For
longer time intervals the correlation increases at a
lower rate. A spectral analysis of the data (not shown)
reveals that the second PC has much more variability
on short-term scales than the first PC. This short-term
variability being present in only one PC seems to be
the major reason for the lack of correlation of instan-
taneous values. It will be a topic of further research to
investigate how the different behaviour of the two PCs
can be linked to different modes of atmospheric forc-
ing. Here, just two examples will be given to indicate
which kind of links can be expected to exist.

It is reasonable to expect that inter-annual variations
of the mean hydrodynamic conditions before spring
algae blooms have a major impact on the variability of
the MDD. Figure 11.6 compares the de-trended time
series of observed MDDs with de-trended time series
of the PCs of the second anomaly pattern and temper-
ature, averaged over the 80 days prior to the MDD.
We chose a time span of 80 days, because it produces
the highest correlations. The MDD seems to be con-
nected to the means of PC 2 (correlation coefficient
0.52) and temperature (correlation coefficient —0.40).
It was possible for these correlations to reject the null
hypothesis on a 1% significance level.
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Fig.11.6 Mean diatom days (MDD, spring diatom bloom), and
temperature and time coefficients (PCs) of the second residual
flow pattern, averaged over the last 80 days before the observed
MDD. Correlation between de-trended data is 0.52

In agreement with the above correlations, the time
series of the MDD, mean PC 2 and temperature
show a similar inter-annual variability (Fig. 11.6). This
implies that a higher PC 2 in autumn is followed by a
delayed MDD and vice versa.

Notwithstanding its short-term correlation with the
MDD, the second residual anomaly pattern, however,
was found to be unable to explain the shift near
year 1978 in the 5-year mean of spring bloom MDD
(Fig. 11.2). It has already been mentioned that vari-
ability of the first PC is more concentrated in the
long wave spectrum. Therefore the first PC may be
anticipated to be a better predictor for long-term vari-
ations. Figure 11.7 compares the 5-year means of the
time coefficient of the first PC with the MDD. Both
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Fig. 11.7 5-yr means of (a) MDD, (b) PC 1, and PC 2 and (c)
PC 1 in March

parameters show a simultaneous increase near the year
1978. Approximately at the same time (in 1977) the
Great Salinity Anomaly reached its minimum in the
western approaches to the English Channel (Dickson,
Meincke, Malmberg, & Lee, 1988) and it is shown that
changes in salinity in the northern North Sea during
the 1970s were correlated with changes in fish stocks
and plankton composition (Corten, 1990; Aebischer
et al., 1990). Presumably the changes of the flow
pattern in the German Bight with a stronger inflow
from west, which change the composition of the water
body (salinity, nutrients, temperature), also caused a
delayed MDD.

The main changes of PC 1 occur in the month of
March. This may also be the reason, why the step-
like shift of the MDD can only be found for the spring
bloom.

11.6 Discussion

A major difficulty with the interpretation of marine
biological observations is the fact that local condi-
tions are permanently affected by mostly insufficiently
known advection. The objective of the present study
was to demonstrate how this problem may be tackled
by combining long-term observational evidence with
detailed reconstructions of the physical environment.
The importance of long-term simulations for a
proper interpretation of observed variability is illus-
trated by Fig. 11.4. In a previous paper, Kauker and von

Storch (2000) investigated the short-term variability
of a 15-yr general circulation simulation of the North
Sea. Similar to our study the exposure of shelf-sea cur-
rents to re-analysed atmospheric forcing was taken into
account. However, according to Fig. 11.4 the period
1979-1993 considered by Kauker and von Storch hap-
pens to seem qualitatively different from the times
before and after, being characterized by the absence
of negative mean amplitudes of the first anomaly pat-
tern. At the same time positive mean amplitudes of
the second pattern are less pronounced. This means
(cf. Fig. 11.3) that during the 15-year period the mean
inflow has turned counter clockwise from north-
westerly to more westerly directions. If no simulations
were available before 1978, the extension of the time
series up to 1999 would probably suggest a recent
change of in the system in terms of long-term vari-
ability. In the light of data before 1978, however, this
interpretation becomes much less convincing.

It has been shown that a decomposition of simulated
current fields in terms of different modes of circu-
lation can be helpful for the proper interpretation of
observational evidence on different time scales. For
a more in depth analysis of long-term trends, how-
ever, the present study of the circulation in the inner
German Bight should be extended by a similar anal-
ysis for the whole North Sea. Nevertheless, already
the present analysis has allowed us to distinguish
between the two time scales. A long-term shift and
inter-annual variability, respectively, of the MDD were
found to be related to different residual circulation
patterns.

The type of data analysis we have described does
not cover all the options possible based on a com-
prehensive data set like coastDat. To provide another
example, Fig. 11.8 shows some result obtained from
Lagrangian trajectory calculations based on the stored
hourly current fields. For many applications in biology
it is crucial to know transport rates between differ-
ent areas of interest. This information may possibly be
required in an aggregated version to properly represent
the mean conditions during certain periods of time.
For this purpose a large number of detailed transport
simulations may be superimposed to get a compos-
ite picture. In many applications (the drift of larvae,
for instance) it is reasonable to assume that the tracer
material will not be passive but decreases according to
certain pre-specified decay times. In Fig. 11.8 a decay
time of 30 days has been assumed. Large numbers in
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Fig. 11.8 Estimated
Lagrangian particle transport
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the figure represent regions from where large amounts
of material were advected to Helgoland in relatively
short times. Large values in the immediate surrounding
of the island are due to tidal movements, while large
values in more distant regions are due to the action of
efficient residual currents.

In summary, we conclude that the strength of a
database like coastDat lies in its provision of informa-
tion on long-term trends and variability with sufficient
detail in time and space. This type of model simula-
tions efficiently complements long-term observations
with short sampling intervals.
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