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Abstract. The N/P ratio of nutrient uptake, the change of
dissolved inorganic nitrogen (DIN) relative to the change of
dissolved inorganic phosphorus (DIP), is a key parameter for
many ecological models. In the Baltic Sea ecosystem, the
N/P ratio of nutrient uptake varies among different basins
and different seasons. The N/P ratio of nutrient alteration,
i.e., the ratio of DIN to DIP altered before and after spring
blooms, is not the same as the N/P ratio of nutrient uptake,
but the former can be regarded as an indicator of the latter in
the Baltic Sea. Based on the observed N/P ratio of nutrient al-
teration, we hypothesize a non-Redfield N/P ratio of nutrient
uptake. The 3-D-ecosystem model ERGOM coupled with
the circulation model DMI-BSHcmod was used to test this
hypothesis. When the Redfield ratio was used in the model,
the DIP surplus after spring blooms was too high and resulted
in excessive growth of cyanobacteria and too much nitrogen
fixation. When the non-Redfield ratio was used in the model,
these problems tended to disappear. In summary, we show
that: (1) the Redfield N/P ratio of nutrient uptake in the Baltic
Sea tends to be too high; (2) a N/P ratio of 10:1 appears to
work better than the Redfield value; and (3) the N/P ratio of
nutrient uptake in the Baltic Proper during spring blooms is
around 6:1. As the model limitation using one identical value
for two N/P ratios for nutrient uptake and remineralization,
the quantitative conclusions are only convincing as a model
parameter even though it obviously improves model predic-
tions. Whether this model parameter is consistent with the bi-
ological nutrient uptake is worth being further verified with
some laboratory investigations or simulations using a more
sophisticated model with independent N/P ratios for nutrient
uptake and remineralization.
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1 Introduction

The N/P ratio of nutrient uptake is referred as the ratio of dis-
solved inorganic nitrogen (DIN) to dissolved inorganic phos-
phorus (DIP) taken up by primary producers during photo-
synthesis. The N/P ratio of nutrient uptake differs from the
N/P ratio of detritus decomposition in principle. Two ratios
should be close or even identical at ecosystem scales, due to
the constraint of mass conservation. In ecological modeling,
it is common to use one identical value for two ratios. Models
which use independent values for two ratios have to add the
state variables and increase the computational complication
(Savchuk and Wulff, 2008; Kuznetsov et al., 2008). In case
of one identical value for two processes, the model parameter
named as the N/P ratio of nutrient uptake actually describes
the elemental ratio of N to P in nutrient changes caused by
nutrient uptake in combination with one part of labile detritus
remineralization which occurs in euphotic layers. Hereafter,
if it is not explicitly noted as a biological N/P ratio of nutrient
uptake, a N/P ratio of nutrient uptake is meant the parameter
on models which uses one identical value for nutrient uptake
and remineralization. This study is focused on identifying
a suitable value for this model parameter through using the
observed data in combination with modelling experiements.
To be clear, we define “N/P ratio of nutrient alteration” as the
change of overall seawater DIN relative to the change of DIP
for a certain duration.

Although we come across the N/P ratio issue in the mod-
eling practice for operational oceanography, this issue is not
treated as a parameter optimization. While we are calibrat-
ing ERGOM (Neumann, 2000; Neumann et al., 2002) with
Redfield ratios, we find the modeled nutrient alteration be-
fore and after spring bloom are consistently different from
the observed DIN and DIP concentrations. The discrepancy
between the modeled results and observed data motivates us
to take further steps to investigate whether the N/P ratio of
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nutrient uptake in the Baltic Sea is consistent with the Red-
field value (Redfield, 1934). We address this issue in the fol-
lowing steps. First, the N/P ratio of nutrients alteration before
and after the spring bloom is examined with observations of
multiple years. Second, the N/P ratio of nutrient changes
caused by the biological pump during the spring bloom is es-
timated using the observed concentrations of DIN and DIP in
seawater and atmospheric nutrient deposition and river nutri-
ent discharge. Third, a 3-D physical-bigeochemical coupled
model is used to test the scenarios of different N/P ratios of
nutrient uptake. Fourth, whether the models using the Red-
field ratio cause some characteristic model-observation bi-
ases are examined.

Many studies have showed that the N/P ratio of nutrient
uptake can differ among species and life stages, which af-
fects the biogeochemistry in many marine ecosystems (Min-
ster and Boulahdid, 1987; Arrigo et al., 1999; Kress and
Herut, 2001; Wong et al., 2002; Anderson and Pondaven,
2003). Redfield (1934) analyzed the elemental ratios of phy-
toplankton in the world’s oceans and proposed the famous
Redfield ratios, which have been widely used in ecosystem
models. However, any fixed N/P ratio, Redfield or other-
wise, is an oversimplification when applied to real ecosys-
tems. In fact, some recent studies have used variable N/P ra-
tios (Touratier et al., 2001; Moore et al., 2002; Kuznetsov et
al., 2008). The Baltic Sea is characterized by strong nitrogen
fixation by cyanobacteria, abundant denitrification in anoxic
bottom water (Shaffer and Rønner, 1984), and variable nu-
trient conditions in different basins. Therefore, it remains a
challenge to estimate a suitable N/P ratio for nutrient uptake
in the Baltic Sea.

The N/P ratio of nutrient uptake in the Baltic Sea is often
treated as consistent with the Redfield Ratios in both model-
ing studies (Neumann, 2000; Edelvang et al., 2005; Savchuk
et al., 2008; Eilola et al., 2009) and observation-based stud-
ies (Osterroht and Thomas, 2000; Savchuk, 2005). In many
cases, though not always, Redfield ratios are suitable for in-
terpreting the spatial and temporal dynamics in nutrient con-
centration. For example, Osterroht and Thomas (2000) no-
ticed that the N/P ratio of nutrient alteration before and after
the growing season was much different from Redfield ratios;
they explained that the elemental ratios of nutrient uptake
were consistent with Redfield ratios, but the nutrients rem-
ineralized from freshly produced organic material had non-
Redfield ratios. It could also be alternatively explained that
the elemental ratios of nutrient uptake were inconsistent with
Redfield ratios. These arguments can be mediated in terms
of nutrient alteration of net biological pump effects (jointly
acted by nutrient uptake and remineralzation). Other investi-
gations have suggested that the elemental ratios of biology in
the Baltic Sea could differ from the Redfield ratios (Shaffer,
1987; Larsson et al., 2001). Larsson et al. (2001) reported
that the N/P ratio of nutrient uptake during cyanobacterial
blooms in the Baltic Sea might be several times larger than
Redfield ratios. Kuznetsov et al. (2008) modeled the ecolog-

ical effect of a variable C:N:P ratio for cyanobacteria, based
on the findings of Larsson et al. (2001).

2 Methods

2.1 Physical model

The physical model in this study is the Danish Meteoro-
logical Institute (DMI) operational model DMI-BSHcmod,
which was originally developed by the German Bundesamt
fuer Seeschifffahrt und Hydrographie (BSH) (Dick et al.,
2001). The core of the physical model, a circulation model,
is based on the primitive geophysical fluid dynamics equa-
tions for the conservations of volume, momentum, salinity,
and heat. The thermodynamic model component is able to
resolve the ice dynamics, as well as the reflection and absorp-
tion of shortwave radiation by the seabed in shallow zones.
The impacts from wind, atmospheric pressure, air temper-
ature, humidity, evaporation-precipitation, and cloud cover
are all considered and parameterized as boundary conditions.
The tidal water level and the monthly climatologies of tem-
perature and salinity are imposed as the outer lateral condi-
tions, and the river runoffs as the inner lateral condition. The
operational implementation of the circulation model started
at BSH in the mid-1990s and has been further developed at
DMI since 2001.

The model grids cover the area from 48◦33′ N to 65◦51′ N
and from 4◦05′ W to 30◦15′ E with a horizontal resolution of
6′ latitude and 10′ longitude, while a nested fine grid with
one sixth of the coarse resolution covers the Danish Strait in
order to resolve the water exchange through the narrow sills
between the North Sea and the Baltic Sea. The coarse grid
has 50 vertical layers: an 8 m surface layer, to avoid drying
at low tides, followed by 2 m subsurface layers (n = 36), and
4 m (n = 1), 8 m (n = 2), 25 m (n = 2) and 50 m (n = 8). The
fine grid has 52 vertical layers, with thicknesses of 2 m (sur-
face), 1 m (n = 29) and 2 m (all others). The model domain
includes both the Baltic Sea and the North Sea (Fig. 1) in or-
der to supply a sufficient transition to counteract the effects
from open boundaries.

The model is driven by hourly meteorological forcing
(10 m winds, 2 m air temperature, mean sea level pressure,
surface humidity, and cloud cover) based on DMI’s version
of the operational weather model HIRLAM (High Resolution
Limited Area Model). The weather model has a horizontal
resolution of about 15 km. River runoff is set with the daily
averaged data derived from river measurements for 5 Ger-
man rivers, operational outputs for 43 Baltic catchments by a
hydrological model HBV run by the Swedish Meteorological
Hydrological Institute (SMHI) (Bergström, 1976 and 1992),
and climatology for the remaining rivers. The configuration
and performance of DMI-BSHcmod have been reported pre-
viously (She et al., 2007a, b; Larsen et al., 2007; Liu et al.,
2009).
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Fig. 1

3

Fig. 1. Bathymetry of the Baltic Sea (unit: m) and locations of
selected observation stations. Data from stations (*) are used for
Table 2. Time-series of data are collected from Stat. 113 (Arkona
Basin), Stat. 213 (Bornholm Basin), and Stat. 271 (Gotland Deep).

2.2 Ecosystem model

The ecosystem model ERGOM was developed by Neu-
mann (2000). It has 9 state variables, consisting of dis-
solved inorganic nutrients: ammonium, nitrate and phos-
phate; three autotrophic functional groups: diatoms, flagel-
lates and cyanobacteria; a bulk zooplankton community; a
detritus pool; and dissolved oxygen (DO). The model math-
ematically describes the processes of photosynthesis, nutri-
ent uptake, growth, grazing, digestion, respiration, excretion,
mortality, remineralization, nitrogen fixation, nitrification,
and denitrification. This model is nitrogen-based, and phos-
phorus is coupled to nitrogen via the Redfield ratio. Hydro-
gen sulfate is included in the model as negative oxygen con-
centration. A detailed model description and a list of biogeo-
chemical parameterization coefficients can be found in Neu-
mann (2000) and Neumann et al. (2002). We made one sim-
plification to ERGOM by ignoring the re-suspension of sed-
imentary detritus. This simplification is likely to have some
impact for the remineralization rate and the spatial distribu-
tion of sedimentary detritus, but does not change the model
description of benthic biogeochemistry and the amount of
detritus. The parameters used here and those from Neumann
et al. (2002) are listed in Table 1. The parameter changes are
made for model calibration in terms of algae bloom timing
and total mass balance. These parameter changes have no
impact to N/P ratio of nutrient uptake at seasonal scale, e.g.,
before and after spring bloom. For instance, as the parameter
“nitrification ratio of mineralized benthic detritus” changes
from 0.50 to 0.40, the contribution of benthic detritus to DIN
can be raised in all seasons, but it does not specially impact
the DIN alteration before and after spring bloom.

The initial fields for ammonia, nitrate, DIP and DO are
extrapolated from the winter means of data (2001–2009) at

16 off-shore long-term monitoring stations from the Interna-
tional Council for the Exploration of the Sea (ICES) web-
site (http://www.ices.dk/indexfla.asp). The initial fields for
biological state variables are manipulated through repetitive
runs. The open boundary conditions are configured with the
data from the World Ocean Atlas 2001 (WOA01, Conkright
et al., 2002) for nitrate, phosphate, and DO, and the re-
maining state variables are set to zero. River loadings and
runoffs are derived from outputs of the operational hydrolog-
ical model. Atmospheric nutrient deposition values are set
based on Langner et al. (2009) and Eilola et al. (2009).

2.3 Model runs

We made several model runs with different N/P ratios to
determine which ratio most closely replicated the observed
data. Three of these will be presented in detail to illustrate
the effect of non-Redfield ratios: Case NP16 is the model run
with N/P ratio 16:1, Case NP10 is the model run with N/P ra-
tio 10:1 and Case NP6 is the model run with N/P ratio 6:1.
All model runs use identical initial fields and forcings with
parameters from Neumann et al. (2002) except as specified
in Table 1. The formal model run is from 1 January 2001 to
31 December 2007. In fact, a simulation of seven years is not
sufficient to fully spin up the benthic dynamics. As it men-
tioned before, we make several repetitive runs to generate the
initial fields for biological state variables.

2.4 Data

The data used to validate model and to analyze the N/P ratio
of nutrient alteration were downloaded from the ICES web-
site. ICES is a free-access database that contains data from
different sources, including in-situ measurements from auto-
mated monitoring instruments and those of water samplers
either from cruises or from fixed stations.

The data used to analyze the N/P ratio of nutrient alteration
are monthly time series of observations from eight fixed sta-
tions (Table 2). We interpolate the monthly time series of
observations onto the preset dates at first, and then calculate
the N/P ratio of nutrient alteration using the mean values be-
fore and after spring bloom. Testing the data from different
dates within the same month, the resulting N/P ratio of nutri-
ent alteration did not differ much. Thus, we chose 1 February
as the date representing the average winter state before spring
blooms and 1 June as the date representative of summer con-
ditions. Table 2 lists the mean values in years 2001–2007 for
DIN, DIP before and after spring blooms and the N/P ratio of
nutrient alteration in the surface layer at eight fixed stations.

The data on seasonal variability, used for comparison
with seasonal patterns of model results, are from three fixed
stations in the Baltic Proper: Stat. 113 in Arkona Basin,
Stat. 213 in Bornholm Basin and Stat. 271 Gotland Deep
(Fig. 1). The surface values of Chl-a, DIN and DIP are from
2005 to 2007.
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Table 1. Parameter values used in this study and those used by Neumann et al. (2002)

Parameter Value Value
This manuscript Neumann et al. (2002)

Minimum irradiance 50 Wm−2 25 Wm−2

Ivlev constant of zooplankton 0.8 1.2
Temperature control of cyanobacteria 14◦C 16◦C
Redfield ratio (N/P) 10 16
Nitrification ratio of remineralized benthic detritus 0.40 0.50
Phosphorus loss of remineralized benthic detritus 0.0 0.15

Table 2. N/P ratio of nutrient alteration before and after spring blooms in surface waters.

Latitude Longitude Before.∗DIN Before.DIP After.∗DIN After.DIP N/P ratio
(◦ N) (◦ E) (mmol m−3) (mmol m−3) (mmol m−3) (mmol m−3)

58.28 10.51 6.76 0.51 0.32 0.04 13.7:1
56.67 12.12 6.23 0.56 0.24 0.06 12.0:1
55.88 12.75 4.83 0.56 0.24 0.16 11.6:1
55.00 14.08 3.15 0.56 0.21 0.20 8.3:1
55.25 15.98 2.95 0.65 0.23 0.26 7.0:1
57.33 20.05 3.23 0.62 0.24 0.11 6.0:1
58.88 20.32 3.73 0.65 0.09 0.09 6.5:1
63.50 19.82 6.50 0.25 0.40 0.03 27.7:1

∗ Before. (After.) represents the mean value on 1 February (1 June) in 2001–2007. Data preparation is explained in Sect. 2.4.

The data used to assess the overall model skill include all
ICES data records for Chl-a, DIN and DIP from 10◦ E–30◦ E,
53◦ N–66◦ N in 2005 to 2007 (http://www.ices.dk/indexfla.
asp). They are processed using the scheme of comprehen-
sive validation described in the next section. The total record
numbers are 7312 for Chl-a, 16028 for DIN, and 17302 for
DIP.

2.5 A comprehensive model validation scheme

Model validation is usually implemented through comparing
model results with observed data at selected stations or sub-
domains. In addition to the usual model validation methods,
we use a comprehensive model validation scheme to show
overall model performance. The comprehensive model vali-
dation scheme emphasizes the importance of using all avail-
able observations, and can provide an overview of model per-
formance.

The preparation of model-observation pairs uses the fol-
lowing procedure. First, the model outputs are interpolated
to match each observed datum, i.e., to form the preliminary
model-observation pairs. Second, a 4-D spatiotemporal grid
is defined to limit the data representation properly. The mean
value of preliminary model-observation pairs (if more than
one) in each grid is used as the secondary model-observation

pair. Third, those secondary model-observation pairs with
the same specified dimension(s) are further averaged to form
the final model-observation pairs. The model’s skill along
the specified dimension(s) is presented by comparing the fi-
nal model-observation pairs. Comparing modeled and ob-
served values for all the secondary model-observation pairs
((model,observ)i,j,k,l), the skill of the model for dimen-
sion k is determined by comparing the mean values of
(model,observ)i,j,k,l averaged overi, j , l. In this study,
the 4-D spatiotemporal grid has a horizontal resolution of
0.5× 0.5◦, a vertical resolution of 4 m, and a temporal reso-
lution of 15 days for the area from 10◦ E–30◦ E, 53◦ N–66◦ N
from 2005 to 2007. An example of the results of this com-
parison is the overall fitness between modeled and observed
temporal evolution of Chl-a (Fig. 3a). Each value in Fig. 3a
stands for the “mean” of Chl-a in the whole Baltic Sea at
one specific moment. However, the “mean” is not a simple
average over all observation records at that moment, but an
average over the defined grids where there is at least one ob-
servation record. This comparison was also conducted for
depth, with each value representing the “mean” of Chl-a av-
eraged over all observed grids at one specific depth (Fig. 3d).
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Fig. 2

3

Fig. 2. Comparison of surface model results among three experiments with observed data from offshore stations. Black dashed line is
observed data, solid lines show model results of Cases NP16 (green), NP10 (red), and NP6 (blue). Abbreviations: Chl-a for chlorophyll-a,
DIN for dissolved inorganic nitrogen, DIP for dissolved inorganic phosphorus, and Stat. 113 (Arkona Basin), Stat. 213 (Bornholm Basin),
and Stat. 271 (Gotland Deep) (locations in Fig. 1).

3 Results

Although the model domain covers both the Baltic Sea and
the North Sea, the model results are only presented for the
Baltic Sea as our target area (10◦ E–30◦ E, 53◦N–66◦ N;
Fig. 1). All experimental cases of N:P ratios were run from
2001 to 2007, but only the results for the last three years
(2005–2007) are presented in order to eliminate the impact
of initial fields. The surface model results of Chl-a, DIN and
DIP are compared with observations at three fixed stations in
the Baltic Proper for examining seasonal variability (Fig. 2).
The model results of Chl-a, DIN and DIP are compared with
all available observations in the whole Baltic Sea to examine
the overall temporal evolution and vertical profile (Fig. 3).
As Chl-a is present only in the upper 80 m, the profile of
Chl-a is not shown for greater depths (Fig. 3d). The model
results of Case NP10 show the best fit with observations in all
tested cases. The results of Case NP10 are presented first as
a model validation with the calibrated parameters (Table 1).
Then the model results of all three cases (NP16, NP10, NP6)
are compared to examine the effect of different N/P ratios on
algae blooms and nutrient dynamics.

3.1 Model validation: case NP10

The model results for Case NP10 (N/P ratio 10:1) are com-
pared with surface data from three offshore stations (Fig. 2).
The following observed features are reproduced by the
model. Chl-a (Fig. 2a, d, g): the evolution of seasonal growth
and decline of phytoplankton is resolved nicely. The growth
season of phytoplankton is April to October, when Chl-a

concentration is mostly higher than 2 mg m−3 and Chl-a is
lower (mostly less than 1 mg m−3) from December to Febru-
ary. The observed timing of the spring bloom is also resolved
by the model. The main differences between modeled Chl-a

and observed data are the magnitude and timing of summer-
fall peaks. DIN (Fig. 2b, e, h): the model results for DIN
capture the observed temporal changes including the decline
from high levels during the winter, the duration of depletion,
and the recovery to high levels. The difference between the
model results and the observed data for DIN is that the winter
concentration estimated from the model is lower than the ob-
served concentrations. DIP (Fig. 2c, f, i): the model results
for DIP are consistent with observations in the timing of the
spring reduction and the fall recovery. The model underes-
timates the winter concentrations and the reduction in these
concentrations during spring blooms.
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Fig. 3

3

Fig. 3. Comprehensive comparison of model results with all available observations for three experiments. Colors same as in Fig. 2.

The overall performance of the model is demonstrated
by comparing observations and model results processed us-
ing the comprehensive validation scheme (Fig. 3). Chl-a

(Fig. 3a): the model captures the timing of spring blooms
and winter declines for temporal changes of Chl-a, and the
model values are similar to the observed data. However, the
model underestimates the magnitude of spring blooms. The
vertical profile of observed Chl-a is well-described by the
model (Fig. 3d). DIN (Fig. 3b): the model shows a seasonal
pattern for DIN that is similar to observations, with high val-
ues in winter and low values in summer. Seasonal variations

in modeled DIN are smaller than observed values. On aver-
age, modeled DIN is higher than observed DIN. DIN below
the euphotic layers is generally overestimated by the model.
In fact, the vertical profile of model DIN in the euphotic lay-
ers is consistent with observations, but higher than observa-
tions below the euphotic layers (Fig. 3e). DIP: modeled and
observed DIP values are surprisingly consistent in both sea-
sonal pattern (Fig. 3c) and vertical distribution (Fig. 3f), with
the model values slightly lower than the observed values.
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Fig. 4

3

Fig. 4. Comparison between Case NP16 and Case NP6 for nutrient stocks and process rates for Case NP16 (black lines) and Case NP6 (red
lines). Units: kiloton for stocks, ton per hour for process rates. DIN stands for dissolved inorganic nitrogen, DIP for dissolved inorganic
phosphorus, “Net Pelagic Remin.” is the overall nutrient alteration rate caused by biological and biochemical processes in the water column
(plotted as negative values), and “Benthic Remin.” is the overall nutrient alteration rate from benthic remineralization (plotted as positive
values).

3.2 Comparison of model results among three cases:
NP16, NP10, NP6

When the N/P ratio is lowered from Case NP16 (16:1), to
Case NP10 (10:1), to Case NP6 (6:1), model results change
continuously (Figs. 2 and 3). The change is first summa-
rized for the surface values at three fixed stations (Fig. 2).
The most obvious change for Chl-a is that the overestima-
tion of the peak height in late summer early fall disappears
as the N/P ratio decreases (Fig. 2a, d, g). In Case NP10, Chl-
a peaks in summer-fall are still mostly higher than those in
spring, which is inconsistent with the observed Chl-a. When
the N/P ratio is further lowered (Case NP6), the peak in
summer-fall is closer to the observed Chl-a. Another change
in Chl-a is the decrease in peak heights during the spring
bloom. The change for DIN is the decrease in concentration
during the winter (Fig. 2b, e, h). DIN in winter is mainly de-
termined by the initial field, the nitrogen fixation, the loses
of denitrification and export to the North Sea. Since no other
relevant terms have significant difference, the discrepancies
among three cases are caused by different nitrogen fixation.
In Case NP6, DIN has occasional surplus in summer, e.g., the
DIN curve in September 2006 at Stat. 213 (Fig. 2e) and Au-
gust 2006 at Stat. 271 (Fig. 2h). The most obvious change for
DIP is the increase in consumption during the spring bloom
(Fig. 2c, f, i). In Case NP16, only a small portion of DIP is

consumed during the spring bloom, with the majority con-
sumed in summer-fall. In Case NP6, the majority of DIP is
consumed during the spring bloom, resulting in closer corre-
spondence between the curves of modeled and observed DIP.

The global effect on the seasonal pattern of Chl-a from
Case NP16 to Case NP6 is similar to the effect on surface
Chl-a at three offshore stations in the Baltic Proper, e.g.,
large decreases in summer-fall peaks and slight decreases in
spring peaks (Fig. 3a vs. Fig. 2a, d, g). The global effect
on DIN is a decrease in the magnitude of seasonal varia-
tion (Fig. 3b vs. Fig. 2b, e, h). The global effect on DIN
by changing N/P from 16:1 from 10:1 is not as great as that
of changing N/P from 10:1 to 6:1. The N/P change from 16:1
to 10:1 does not have an obvious effect on the global tempo-
ral pattern of DIP (Fig. 3c vs. Fig. 2c, f, i). The N/P change
from 10:1 to 6:1 stimulates DIP consumption by phytoplank-
ton so that the global mean DIP decreases. The N/P change
from 16:1 to 10:1 to 6:1 causes the vertical profiles of model
results to move progressively closer to observed values for
Chl-a, DIN and DIP (Fig. 3d, e, f).

Changing the N/P ratio has effects on both the total stocks
of DIN and DIP and their major process rates. As the N/P ra-
tio changes continuously from 16:1 to 6:1, the effects are also
continuous. To reduce the complexity, the total stocks and
their major processes are displayed for Case NP16 and Case
NP6 (Fig. 4). For total stocks, lower N/P ratio leads to lower

www.ocean-sci.net/7/693/2011/ Ocean Sci., 7, 693–704, 2011
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total DIN stock (Fig. 4a) but higher total DIP stock (Fig. 4c).
For process rates, lower N/P ratio causes smaller net pelagic
remineralization (remineralization plus respiration minus up-
take) and benthic remineralization for DIN (Fig. 4b), but
larger net pelagic remineralization and benthic remineraliza-
tion for DIP (Fig. 4d). The reduced DIN remineralization
rates (both pelagic and benthic) are caused by the reduced
nitrogen fixation. The increased DIP remineralization rates
are caused by the initial DIP in benthic detritus which was
converted from a fixed nitrogen pool through the N/P ratio.

Comparison of the statistical measures for Chl-a, DIN and
DIP among three cases is listed in Table 3 for the Baltic
Proper (14◦ E–22◦ E, 54◦ N–60◦ N) and in Table 4 for the
whole Baltic Sea. The model results of Case NP6 are closest
to observations in terms of mean value, correlation coeffi-
cient and standard deviation among three cases in the Baltic
Proper. The modeled Chl-a and DIN of Case NP10 are clos-
est to observations among three cases in the whole Baltic Sea,
but Case NP6 gets best DIP.

4 Discussion

4.1 Evidence from the observed data

The observed “N/P ratio of nutrient alteration” (definition in
Sect. 1) for surface water tends to decrease across the Baltic
region from Skagerrak to Gotland (Table 2). The N/P ratio
of nutrient alteration decreases from 13.7:1 in Skagerrak to
8.3:1 in Arkona, persists below 8.0:1 in the Baltic Proper,
and jumps to 27.7:1 in Gulf of Bothnia. We also estimated
the N/P ratio of nutrient alteration below the surface (results
not shown). The N/P ratio of nutrient alteration does not vary
much between the surface and a depth of 20 m, after which it
decreases with depth until the bottom of the euphotic layer.
Below the euphotic layer, the N/P ratio of nutrient alteration
is complicated since in euphotic layers the N/P ratio of nutri-
ent alteration is dominated by the N/P ratio of nutrient up-
take; below the euphotic layers this is not necessarily the
case. What does the observed N/P ratio of nutrient alteration
mean to the N/P ratio of nutrient uptake? Based on its defini-
tion, the N/P ratio of nutrient alteration is determined by the
biological nutrient uptake, the nutrients supplied by hydrody-
namics, river nutrient loadings and atmospheric nutrient de-
position. The observed N/P ratio of nutrient alteration serves
as a good estimate of the N/P ratio of nutrient uptake for the
surface water in the Baltic Proper. Further, it suggests that
the N/P ratio of nutrient uptake in the Baltic Proper should
be much smaller than the Redfield ratio (16:1). Why?

Based on its definition, the N/P ratio of nutrient alteration
compares the nutrients before and after the spring bloom
(calculation scheme in Sect. 2.4). Due to the relatively closed
nature of the Baltic Proper, the nutrient alteration is mainly
related to four processes: atmospheric nutrient deposition,
river nutrient loadings, upwelled nutrients, and nutrient up-

take. Observed data for DIN and DIP (Fig. 3e and f), show
that the DIN/DIP ratio generally decreases with depth. Keep-
ing other nutrient supplies unchanged, a greater contribution
of nutrients from upwelling during the spring bloom results
in a lower N/P ratio of nutrient uptake. Thus the following es-
timate does not take the upwelling contribution into account
in order to document that the N/P ratio of nutrient uptake is
much lower than the Redfield Ratio (16:1).

Mean values of DIN and DIP are 3.28 mmol m−3 and
0.62 mmol m−3 in the Baltic Proper before the spring bloom
and 0.19 mmol m−3 and 0.17 mmol m−3 after the bloom. The
means are generated by averaging the values at three stations
in the Baltic Proper (Table 2). We use 0.124 mmol m−3 D−1

for the atmospheric deposition of DIN (Wulff et al., 2001;
Savchuk, 2005). The atmospheric deposition of DIN can
only raise the DIN concentration by 0.75 mmol m−3 for the
upper 20 m layer in 120 days (from 1 February to 1 June).
The river loadings contribute the same DIN as the atmo-
spheric deposition, according to Wulff et al. (2001) and
Savchuk (2005). Thus, the ratio of DIN uptake (3.28–
0.19 + 0.75 + 0.75) to DIP uptake (0.62–0.17) is around 10:1.
If we consider that the atmospheric deposition and river
loadings should be evenly distributed throughout the whole
mixed layer (∼40 m), the estimate will definitely be smaller
than 10:1. This estimate does not account for the small con-
tribution of DIP from atmospheric deposition and river load-
ings. This means that a comprehensive estimate will result in
a N/P ratio of nutrient uptake smaller than 10:1. Refer to the
modeling experiments for a more detailed estimate.

The fact that the N/P ratio of nutrient alteration in the
Baltic Sea is largely inconsistent with the Redfield ratio was
previously noted by Osterroht and Thomas (2000). They es-
timated the alterations of dissolved inorganic carbon (DIC),
nitrate, and phosphate, due to new production based on data
from two cruises (winter of 1994 and summer of 1995). They
found that the amount of DIC produced and the uptake of
DIN and DIP were inconsistent with Redfield ratios. How-
ever, they presumed that the N/P ratio of nutrient uptake was
consistent with the Redfield ratio, and attributed the non-
Redfield N/P ratio of nutrient alteration to a non-Redfield
N/P remineralization of organic material. In other words,
they believed that phytoplankton always take up 16 nitrogens
with each phosphorus. However, some of those 16 nitrogens
may be quickly recycled, and not all 16 nitrogens with each
phosphorus can be remineralized at the same time. Their
work documents that the N/P ratio of nutrient alteration of
net biological pump effects is inconsistent with the Redfield
ratio. Our work can support an alternative explanation that
the biological N/P ratio of nutrient uptake is inconsistent with
the Redfield ratio.

The elemental composition of biology in the Baltic Proper
was previously investigated by Shaffer (1987). He calcu-
lated the ratio of DO production to DIP consumption based
on a natural coordinate conservation approach (Shaffer and
Rønner, 1984) using cruise data. The elemental ratio of
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Table 3. Statistic comparison between modeled results and observed data for the whole Baltic Sea.

Statistic measures/ Chl-a DIN DIP
Cases (mg m−3/–) (mmol m−3/–) (mmol m−3/–)

Number of samplers 7312 16028 17302
Mean of observation 2.0 4.0 0.92
Standard deviation of observation 2.5 4.2 1.11

Case NP16 NP10 NP6 NP16 NP10 NP6 NP16 NP10 NP6

Mean of model 2.8 2.1 2.5 4.1 4.0 4.6 0.80 0.80 0.83
Correlation coefficient 0.36 0.39 0.34 0.41 0.42 0.38 0.82 0.83 0.83
Standard deviation of model 1.9 1.5 1.2 5.0 4.4 4.5 0.78 0.88 1.01
Percentage of bias 36 1 21 4 2 17 −13 −13 −9

Abbreviations: Chl for chlorophyll, DIN for dissolved inorganic nitrogen, DIP for dissolved inorganic phosphorus, DO for dissolved oxygen.

Table 4. Statistic comparison between modeled results and observed data for the Baltic Proper.

Statistic measures/ Chl-a DIN DIP
Cases (mg m−3/–) (mmol m−3/–) (mmol m−3/–)

Number of samplers 3237 7878 8664
Mean of observation 1.6 3.3 1.4
Standard deviation of observation 1.4 3.2 1.3

Case NP16 NP10 NP6 NP16 NP10 NP6 NP16 NP10 NP6

Mean of model 2.4 2.1 1.7 5.1 4.7 4.0 1.1 1.1 1.2
Correlation coefficient 0.52 0.53 0.54 0.47 0.47 0.50 0.88 0.88 0.87
Standard deviation of model 1.9 1.4 1.0 5.6 5.1 4.2 0.9 1.0 1.2
Percentage of bias 51 28 3 53 39 19 −23 −21 −15

Abbreviations: Chl for chlorophyll, DIN for dissolved inorganic nitrogen, DIP for dissolved inorganic phosphorus, DO for dissolved oxygen.

O2:C:N:P = 159:130:14.4:1 was derived using the calculated
ratio of DO production to DIP consumption. This early ap-
proach inevitably simplified the effect from physical pro-
cesses due to limited computational power, thus the accu-
racy of the elemental ratios merits further verification. Lars-
son et al. (2001) analyzed the elemental composition of fil-
amentous cyanobacteria using samples from BY31 (Gotland
Sea) in 1994. They found that the C:N and C:P ratios were
smaller than Redfield values in spring and started to rise in
early June, reaching 5.6:1 (N:C) and 420:1 (C:P) when the
biomass of cyanobacteria reached its peak in August and
early September.

Although these studies suggested non-Redfield ratios of
nutrient uptake for specific species in specific areas, no study
has focused on selecting a N/P ratio that is applicable to the
entire Baltic Sea in all seasons. This is probably why Red-
field ratios were predominantly used in the biogeochemical
models for the Baltic Sea (Neumann, 2000; Neumann et al.,
2002; Edelvang et al., 2005; Savchuk et al., 2008; Eilola et
al., 2009).

4.2 Support from the modeling experiments

Comparing Case NP16 and Case NP10 shows that the model
results for the latter case are obviously improved for surface
Chl-a and DIP in the Baltic Proper, for overall seasonal pat-
tern of Chl-a, and for overall vertical profiles of Chl-a, DIN
and DIP. The most obvious improvement for Chl-a is the
disappearance of the overestimated summer-fall peak. The
most obvious improvement for DIP is the disappearance of
the large DIP surplus after the spring bloom. The improve-
ment for DIN is the reduction of the large bias in deep layers.
These improvements can be explained in the causal chain:
(1) the Redfield N/P ratio of nutrient uptake caused the sur-
plus of DIP after spring blooms; (2) the excessive DIP stim-
ulated excessive growth of cyanobacteria which can fix at-
mospheric nitrogen; (3) the overestimate of fixed nitrogen
resulted in the export of too much detritus to the deep layer.
Are these model biases (large DIP surplus after the spring
bloom and unrealistic high peak of summer-fall bloom) char-
acteristic and coherent with the assumption of the Redfield
ratio?
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Fig. 5

3

Fig. 5. Temporal evolution of the profile of dissolved oxygen at
Station 213, unit: mmol m−3.

As described in Sect. 3.1, the model validation can be con-
cluded as the model reproduces the observed seasonal vari-
ability in the surface layer in the Baltic Proper for Chl-a,
DIN and DIP (Fig. 2) and the vertical profiles in general
(Fig. 3d, e, f). In addition, the statistical measures for over-
all model performance for Case NP10 (Table 4) appears to
be reasonable for this type of models (Neumann et al., 2002;
Allen et al., 2007; Neumann and Schernewski, 2008; Lewis
and Allen, 2009; Maar et al., 2011). Meanwhile, we notice
that the modeled DO is relatively high in lower layers in the
Baltic Proper (Fig. 5). The physical model is the core of the
operational service system in DMI. Even though the model
domain covers both the Baltic Sea and the North Sea, the tar-
get area is the Danish Waters. Although it has been validated
with the observed data in different focused areas (She et al.,
2007a, b; Larsen et al., 2007; Liu et al., 2009), the physical
model has not been extensively validated outside of the Dan-
ish Waters. The profile of DO at Station 213 shows sudden
increases in DO concentration below 100 m in August 2003
and August 2006 (Fig. 5). However, there are no obvious cor-
responding increases in the euphotic layers. We believe this
is a problem of the circulation model which seems to gen-
erate unrealistic ventilations to the relatively isolated deep
water. The unrealistic high DO in lower layers can block the
denitrification and impact the balance of nitrogen. The po-
tential impact from lower layers where winter mixing cannot
reach should have a long term feature, but the N/P ratio of
nutrient uptake is mainly a seasonal feature. Nevertheless, it
is worthwhile to check whether the characteristic model bi-
ases exist in the results of other models under the assumption
of the Redfield ratio.

The same problem existed in the model results of Maar
et al. (2011) who used ERGOM also. The peak of mod-
eled summer-fall bloom was much higher than the spring
peak for stations in the Baltic Sea (Fig. 13 of Maar et al.,

2011), meanwhile, the model DIP was mostly consumed dur-
ing summer-fall blooms. A similar problem was also found
in the model results of Kuznetsov et al. (2008) who used ER-
GOM but with different circulation model. The peaks of
summer-fall blooms were mostly higher than the peaks of
spring blooms and the model DIP was also consumed mostly
during summer-fall blooms (Fig. 5b and d of Kuznetsov et
al., 2008). However, the characteristic model biases were not
visible in Neumann et al. (2002). In Neumann’s this paper,
the seasonal deviation of DIN fit well with the observed data
(Fig. 10 in Neumann et al., 2002), but the seasonal devia-
tion of DIP was much smaller than the observed data and
model DIP was overall lower the observations (Fig. 12 in
Neumann et al., 2002). In other words, the DIP surplus af-
ter spring blooms was masked by the fact that the modeled
DIP was smaller than the observed data. No detailed model-
observation comparison for seasonal variability for both DIN
and DIP was presented in Neumann and Schernewski (2008)
where the model was improved with the phosphorus dynam-
ics of iron-phosphate-complexes. All in all, we believe that
the model with the Redfield ratio can lead to those character-
istic biases.

4.3 N/P ratio of nutrient uptake in the Baltic Sea

As stated above, the N/P ratio of nutrient uptake may vary
among basins and seasons. Although the N/P ratio of nutri-
ent alteration before and after spring blooms is not identical
to the N/P ratio of nutrient uptake, we may use the former
as an indicator of the latter. Thus, the observed data (Ta-
ble 2) indicate that the N/P ratio of nutrient uptake in spring
is much smaller than the Redfield ratio in the Baltic Proper,
but higher than the Redfield ratio in the Bothnian Bay, and in-
creases from the lowest value in the Baltic Proper to close to
the Redfield value in the transitional area between the Baltic
Sea and the North Sea. In fall when cyanobacteria are bloom-
ing, the N/P ratio of nutrient uptake may increase to up to 4
times the Redfield value (Larsson et al., 2001). Nitrogen fix-
ation and abundant denitrification in anoxic conditions (Shaf-
fer and Rønner, 1984) make it extremely difficult to estimate
a fixed N/P ratio of nutrient uptake suitable for the entire
Baltic Sea based on observed data. The modeling experi-
ment should be considered as a useful way to estimate this
value, even if the model is not able to fully resolve all ob-
served features.

The modeling experiments show that the Redfield N/P ra-
tio is not applicable in all situations and the problems gen-
erated by using the Redfield value can be reduced by de-
creasing the N/P ratio. We think that the N/P ratio 10:1 is
best suited for the whole Baltic Sea, based on the results pre-
sented here as well as those from additional model runs that
are not presented here. As far as the Baltic Proper is con-
cerned, the most accurate N/P ratio could be smaller than
10:1. The modeled phytoplankton peaks in summer-fall are
still mostly higher than spring peaks in Case NP10 and the
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DIP surplus after the spring bloom could be further reduced.
Thus, the most suitable N/P ratio in the Baltic Proper appears
to be closer to 6:1. This is also based on the observed N/P
ratio of nutrient alteration (Table 2).

Even if a universal N/P ratio of nutrient uptake for differ-
ent basins and seasons does not actually exist, a fixed value to
simplify a real system helps to understand the biogeochem-
ical cycling and balance. In fact, many investigations are
based on a fixed N/P ratio for the entire Baltic Sea. For exam-
ple, Neumann et al. (2002 and 2008) simulated the response
of the Baltic ecosystem to a 50 % reduction of riverine nutri-
ent loads and the shift of nitrogen fixation based on the Red-
field ratio. Eilola et al. (2009) introduced the internal phos-
phorus source parameterized with DO and salinity so that the
modeled DO and DIP were greatly improved, although DIN
was overestimated below euphotic layers (Fig. 8 of Eilola et
al., 2009). This study implies the overestimated DIN was
likely caused by too much nitrogen fixation, which is similar
to the problem in Case NP16 of our model results. As the
model limitation using one identical value for two N/P ra-
tios for nutrient uptake and remineralization, the quantitative
conclusions are only convincing as a model parameter even
though it obviously improves model predictions. Whether
this model parameter is consistent with the biological nutri-
ent uptake is worth being further verified with some labora-
tory investigations or simulations using a more sophisticated
model with independent N/P ratios for nutrient uptake and
remineralization.

5 Summary

According to the observed N/P ratio of nutrient alteration be-
fore and after spring blooms, a non-Redfield N/P ratio of
nutrient uptake in the Baltic Sea is hypothesized. The N/P
ratio of nutrient uptake is estimated by using the observed
nutrients in combination with other literature estimates on
atmospheric deposition and river loadings. This estimate
shows that the N/P ratio of nutrient uptake in the Baltic Sea is
smaller than the Redfield value. The modeling experiments
are implemented to verify the hypothesis and to test for a suit-
able N/P ratio, by using an ecosystem model ERGOM cou-
pled with the circulation model DMI-BSHcmod. The model
results show that using the Redfield value caused too high a
DIP surplus after spring blooms and the leftover DIP stim-
ulated excessive Chl-a levels in summer-fall which resulted
in too much nitrogen fixation. These problems can be re-
duced by decreasing the N/P ratio. Similar problems can be
found in other model results using the Redfield ratio in the
Baltic Sea. This study shows that: (1) the Redfield N/P ra-
tio of nutrient uptake in the Baltic Sea tends to be too high;
(2) a lower N/P ratio of 10:1 appears to work better than the
Redfield value; and (3) the N/P ratio of nutrient uptake in
the Baltic Proper during spring blooms is around 6:1. As the
model limitation using one identical value for two N/P ratios

of nutrient uptake and remineralization, the quantitative con-
clusions are restricted to the N/P ratio of the net biological
pump effect.
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