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Abstract In high-latitude fjord ecosystems, the spring bloom accounts for a major part of the annual primary
production and thus provides a crucial energy supply to themarine foodweb. However, the environmental factors
that control the timing and intensity of these spring blooms remain uncertain. In 2013, we studied the spring
bloom dynamics in Godthåbsfjord, a large fjord system adjacent to the Greenland Ice Sheet. Our surveys revealed
that the spring bloom did not initiate in the inner stratified part of the fjord system but only started farther away
from tidewater outlet glaciers. A combination of out-fjord winds and coastal inflows drove an upwelling in the
inner part of the fjord during spring (April–May), which supplied nutrient-rich water to the surface layer. This
surface water was subsequently transported out-fjord, and due to this circulation regime, the biomass
accumulation of phytoplankton was displaced away from the glaciers. In late May, the upwelling weakened and
the dominant wind direction changed, thus reversing the direction of the surface water transport. Warmer water
was now transported toward the inner fjord, and a bloomwas observed close to the glacier terminus. Overall, our
findings imply that the timing, intensity, and location of the spring blooms in Godthåbsfjord are controlled by a
combination of upwelling strength and wind forcing. Together with sea ice cover, the hydrodynamic regime
hence plays a crucial role in structuring food web dynamics of the fjord ecosystem.

1. Introduction

Productivity in high-latitude fjords shows a strong seasonal cycle where the start of the productive season is
marked by an intense phytoplankton spring bloom [Sakshaug, 2004; Hodal et al., 2012]. This spring bloom is
responsible for a large part of the annual primary production [Sakshaug, 2004] and thus plays an essential role
in sustaining the secondary production of these high-latitude fjords. Favorable conditions for spring bloom
development typically occur during late March to late April, and physical factors are recognized to play a
crucial role in the timing and development of the spring bloom. In the conventional model of spring bloom
development, three important factors are controlling the initiation of the spring bloom in high-latitude fjords:
sufficient incoming irradiation, the onset of stratification, and the breakup of sea ice [Eilertsen et al., 1989;
Eilertsen and Frantzen, 2007; Degerlund and Eilertsen, 2010; Hodal et al., 2012]. In ice-free regions, high levels
of turbulent mixing combined with strong light limitation prevent phytoplankton growth during winter
[Eilertsen and Frantzen, 2007]. During spring, a rapid increase in irradiance, combined with high nutrient
concentrations in the surface waters and the development of a stratified water column, triggers an intense
phytoplankton bloom [Sakshaug, 2004]. The occurrence of stratification in the surface water is crucial, as
stratification limits the transport of cells out of the euphotic zone; the spring bloom develops when the
mixed layer shoals to a depth above the critical depth [Sverdrup, 1953]. This increased stratification in spring
can be temperature driven, i.e. by increasing insolation and elevated air-sea heat exchange, and/or salinity
driven, i.e. by sea ice melt or by runoff driven by snow melt or precipitation. Because salinity-driven strati-
fication typically develops first in the inner fjord, where terrestrial runoff enters, it has been hypothesized
that the spring bloom characteristically develops earlier in the inner part of fjords [Tett and Wallis, 1978;
Syvitski et al., 1987].
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Presence of (snow-covered) sea ice
can, however, strongly impact the
timing of the blooms [Rysgaard and
Glud, 2007], as it limits the penetra-
tion of solar radiation into the surface
water thus reducing productivity
[Arrigo et al., 2008]. Sea ice cover can
hence postpone the initiation of the
spring bloom compared to fjord sys-
tems that remain ice free [Rysgaard
and Glud, 2007]. The breakup of sea
ice is therefore often associated with
the development of a strong spring
bloom as the nutrient-rich water layers
are suddenly exposed to increased
irradiance. At the same time, sea ice
melt also increases water column sta-
bility, thus additionally reinforcing
the favorable conditions for bloom
development [Rysgaard et al., 1999;
Wu et al., 2007]. Here, however, we

hypothesize that—in addition to light climate and stratification—there could be another important physical
factor controlling the spring bloom dynamics in Arctic fjords. The idea is that the hydrodynamic regime and
water circulation pattern within the fjord may modulate the extent and timing of the spring bloom, but up
to present, this effect has not been studied in great detail. A recent study in Kongfjorden (Svalbard) observed
a clear relation between the spring bloom and coastal inflows and suggested that variations in the timing and
magnitude of the coastal inflows could have major implications on timing and extent of the spring bloom
[Hegseth and Tverberg, 2013].

To investigate the impact of fjord circulation on the spring bloom dynamics in Arctic fjords, we conducted a
field study in Godthåbsfjord, located in southwest Greenland. Godthåbsfjord is one of the largest fjord sys-
tems in the world and is of great importance for the local fisheries [Storr-Paulsen et al., 2004]. The spring
bloom plays an important role in the productivity of the fjord and accounts for 50–60% of the total annual
primary production [Juul-Pedersen et al., 2015; Meire et al., 2015]. Previous oceanographic studies in
Godthåbsfjord have identified a complex circulation pattern in the fjord system, characterized by coastal
inflows during winter and spring [Mortensen et al., 2011, 2014]. In 2013, Godthåbsfjord was characterized
by an early breakup of the sea ice, and we took advantage of this opportunity to survey the biogeochemistry
within the inner parts of the fjord close the tidewater glaciers. The main objective of this study was to inves-
tigate whether the hydrodynamic circulation has any effect on the spring bloom in Godthåbsfjord.

2. Material and Methods
2.1. Study Site

Godthåbsfjord is a large fjord system located at 64°N on the southwest coast of Greenland with a length of
~190 km covering a total area of ~2013 km2 (Figure 1) influenced by three tidewater outlet glaciers located
in the innermost part of the fjord [Mortensen et al., 2011, 2013]. The fjord system has a complex geometry
with several fjord branches and contains several sills, with the main sill (170m deep) located at the entrance
to the fjord. The study area here includes the northernmost fjord branch, Nuup Kangerlua, and the inner part
of the fjord, referred to as Kangersuneq (Figure 1). This inner section of the fjord is in direct contact with three
tidewater outlet glaciers from the Greenland Ice Sheet: Kangiata Nunaata Sermia (KNS), Akullersuup Sermia
(AS), and Narsap Sermia (NS) (Figure 1). During winter, the innermost part of the fjord is typically covered
by sea ice, where the ice edge usually extends to station GF13. After the sea ice breakup in late spring, the
inner fjord is mostly packed with newly calved glacial ice, and this makes hydrographic sampling near
the tidewater outlet glaciers difficult in spring. However, in 2013, sea ice broke up early in the inner part of
the fjord, which made sampling possible from March until mid-June in Kangersuneq. On 10 June, the ice

Figure 1. Map of the Godthåbsfjord system and adjacent continental shelf.
The indicated area delineates the fjord branch Kangersuneq, which is our
main study area. Small solid dots represent the CTD stations visited during
the May 2013 cruise. The three monthly monitoring stations (GF10, GF13,
and GF17) are indicated in addition to the two main tidewater glaciers (KNS,
Kangiata Nunaata Sermia, and NS, Narsap Sermia; bold squares) and the
meteorological station (Kapisillit; cross). The white shaded area is the
Greenland Ice Sheet.
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mélange in front of the KNS terminus broke up and released large amounts of glacial ice preventing further
sampling in Kangersuneq (Figure 2a).

2.2. Hydrographic and Water Chemistry Data

Monthly water column sampling was conducted fromMarch to June 2013 at three fixed stations (GF10, GF13,
and GF17) in Kangersuneq (Figure 1). This temporal data set was further complemented with a spatial survey
obtained during a hydrographic cruise aboard R/V Sanna from 7 to 15 May 2013, conducted as part of the
Marine Basis Nuuk monitoring program by the Greenland Institute of Natural Resources. During this survey,
water column sampling was carried out at 25 stations along a length section in Godthåbsfjord (Figure 1), from
the KNS glacier terminus (near station GF18) to the continental slope at Fyllas Banke (station FB3.5). During
all sampling campaigns, salinity and temperature depth profiles were recorded by CTD (Seabird SBE19+)
a Seabird SBE19+, equipped with additional sensors for fluorescence (Seapoint Chlorophyll Fluorometer),
oxygen (SBE 43, Seabird), and photosynthetic active radiation (Li-Cor 190SA quantum Q, Li-Cor). Partial
pressure of carbon dioxide (pCO2) was measured in situ using the HydroC™ Carbon Dioxide Sensor
(Contros, Germany) at six water depths (1, 5, 10, 20, 30, and 40m). At every depth the HydroC sensor
was equilibrated for 2–5min until a stable reading was obtained. The relative standard deviation (RSD)
of the pCO2 measurement has been estimated to be 1% [Fietzek et al., 2014]. Additionally, discrete water
samples were collected using a 5 L Niskin water sampler at 1, 5, 10, 20, 30, and 40m. Water was collected
from the Niskin bottle using Tygon tubing for the determination of oxygen concentrations using Winkler
titration, which were used to calibrate the CTD oxygen optode. Water samples for chlorophyll a (Chl a)
analysis were filtered (500mL) through 25mm GF/F filters (Whatman, nominal pore size of 0.7 μm).
Filters were placed in 10mL 96% ethanol for 18 to 24 h, and chlorophyll fluorescence in the filtrate was
analyzed using a fluorometer (TD-700, Turner Designs) before and after addition of 200μL of HCl solution
(1M). Chlorophyll a concentrations were used to calibrate the CTD fluorescence values. Chlorophyll a readings

Figure 2. Ice and atmospheric conditions in Godthåbsfjord. (a) Temporal evolution of the sea ice conditions in Kangersuneq
as derived from the MODIS (Moderate Resolution Imaging Spectroradiometer) instrument on board the Terra/Aqua satellites.
The yellow dot indicates the Kapisillit meteorological station as reference point. The yellow arrows indicate the plume of
icebergs released by Narsap Sermia glacier. (b) Air temperature (°C) as recorded from Kapisillit meteorological station. The red
line represents amoving averagewith a filter length of 4 days. (c) Wind rose as recorded at the Kapisillit meteorological station
reveals a notable change in the wind direction between March–April and May–June.
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were converted to Chl a-based carbon (Chl-C) using a carbon to Chl a ratio by weight of 40 g:g [Lorenzen, 1968]
for comparison with collected zooplankton biomass during the May research cruise. Subsamples (10mL)
for nutrients (phosphate, silicate, and nitrate) were filtered through 0.45 μm filters (Q-Max GPF syringe
filters) and frozen until further analysis. Nitrate and phosphate were measured using standard colorimetric
methods on a Seal QuAAtro auto analyzer. Dissolved silicate (DSi) concentrations were analyzed on a
Thermo iCAP6300 Duo-ICP.

Satellite images (Moderate Resolution Imaging Spectroradiometer (MODIS) Terra/Aqua and Landsat 8 cour-
tesy of the U.S. Geological Survey) were analyzed to monitor the sea ice extent over the sampling period.
Air temperature, wind speed and direction, and solar irradiance data were obtained from the meteorological
stations in Kapisillit (Asiaq, Greenland Survey). All processing of data was done in the open-source program-
ming language R [R Core Team, 2013]. Density profiles were used to calculate the stratification parameter ϕ
(Jm�2) in the upper water layer (0–60m), which represents the amount of energy required to fully mix the
water column through vertical mixing [Simpson, 1981]. Euphotic depth was calculated as 1% of surface
irradiance, and the mixed layer depth was defined as the depth where gradient in density is maximal.
Interpolation of the data was done, and resulting contour plots were produced using the R extension package
Akima [Akima et al., 2006].

3. Results
3.1. Ice Conditions and Weather Conditions in the Inner Fjord

During winter, the inner part of Godthåbsfjord, Kangersuneq, is usually covered with sea ice. Although the sea
ice extent varies from year to year, the ice cover typically extends to station GF13. Satellite images confirm the
presence of a sea ice cover in Kangersuneq in March 2013 (Figure 2a). However, higher air temperatures pre-
vailed from mid-March to early April 2013 (Figure 2b), and this led to an early breakup of a fraction of the sea
ice in 2013, so that large parts of Kangersuneq were ice free by early April (Figure 2a). The breakup of the ice
mélange in front of the Narsap Sermia glacier terminus in early April resulted in a limited release of glacial ice into
the fjord (Figure 2a, 8 April). From mid-April to mid-May, air temperature decreased, and only small changes of
the ice conditions in the fjord were observed (Figures 2a and 2b). During winter (January to April), the dominant
wind direction in inner fjord was from northeast to east, i.e., out-fjord. Ice not being landfast was consequently
blown out of the fjord, as evident from satellite images (Figure 2a) as well as visual observations during sampling.

In mid-May, the air temperature gradually increased in Kangersuneq, whereas wind speed became more
variable and gradually changed direction, with southwesterly winds prevailing by the end of May, i.e., winds
were mainly directed into the fjord and toward the glaciers (Figure 2c). As illustrated by the satellite images
(Figure 2a, 8 June), glacial ice released from the Narsap Sermia glacier was now transported farther into the
fjord, opposite to the outward transport observed earlier in spring. The presence of a stable ice mélange in
the innermost part of the fjord still prevented export of calved icebergs from the KNS glacier. However,
increasing air temperatures eventually led to the breakup of this ice mélange around 10 June.

3.2. Temporal and Spatial Variability of the Spring Bloom

After the breakup of sea ice in Kangersuneq in early April 2013, the inner fjord became accessible and
monthly sampling campaigns were initiated at stations GF10, GF13, and GF17 (Figure 1). These surveys
revealed substantial spatial gradients in hydrographic and biogeochemical parameters in the inner part of
the fjord (Figures 3 and 4). In April, water temperatures at all three stations increased with depth. At stations
GF13 and GF17, temperature was ~0°C at the surface and increased to 2°C at 60m depth, while at the GF10
station farther out-fjord, the surface water was slightly warmer (~1.5°C) but had the same temperature at
depth (Figure 3). Salinities varied around ~33.2 at 60m depth at all stations, while the surface water showed
a small decrease in salinity toward the glaciers, ranging from 32.5 at GF10 to 32.0 at GF17 (Figure 3). The lower
salinity in the surface water likely results from freshwater runoff due to snowmelt in spring. Density gradients
and stratification were comparable at all three stations (Figure 3 and Table 1). Despite the similarity in phy-
sical conditions, a strong biogeochemical gradient existed between GF17 and GF13, which are only separated
by ~ 30 km (Figures 3 and 4). At stations GF10 and GF13, a spring bloom occurred as indicated by elevated
chlorophyll a concentrations (subsurface maximum of 10μg L�1 at GF10 and surface maximum of 15μg L�1

at GF13). In contrast, at station GF17, which is located less than 25 km from the KNS summer terminus, no sign
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of a spring bloom was apparent as chlorophyll a concentrations were very low (<0.1μg L�1, observed in the
CTD fluorescence and independently verified by discrete water samples). This large difference in biological
activity between GF17 and the other two out-fjord stations was also reflected in the chemical parameters
(Figure 4). The phytoplankton bloom at station GF10 and GF13 was confirmed by low nitrate and DSi con-
centrations in the upper water column, reduced pCO2 values in the surface layer, and clear signs of oxygen
production (a surface and subsurface O2 oversaturation at GF13 and GF10, respectively). The O2 profiles were
similar in shape as the Chl a profiles, thus confirming primary production. In contrast, at station GF17, no sign

Figure 3. Temporal evolution of temperature (°C), salinity, potential density anomaly (σθ, kgm
�3), and fluorescence

(calibrated versus chlorophyll a in μg L�1) at stations GF10, GF13, and GF17 over 3months (sampling dates are 9 April,
8 May, and 3 June 2013).

Figure 4. Temporal evolution of partial pressure of CO2 (μatm), oxygen (% of air saturation), nitrate, and dissolved silica
(DSi) (μM) at stations GF10, GF13, and GF17 over 3months (sampling dates are 9 April, 8 May, and 3 June 2013).
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of nutrient consumption was observed in the upper water column, while the oxygen remained undersatu-
rated throughout the upper water column (O2 concentrations ~300μM, i.e., 85% of air saturation). The
absence of primary production in the inner fjord station GF17 could not be attributed to light limitation,
because the euphotic depth (depth where 1% light remained) was substantially deeper at GF17 (~31m) than
at GF10 (~14m) where a subsurface Chl a maximum was present (Table 1).

One month later, at the beginning of May, physical conditions at all stations were still comparable to those
observed in April (Figure 3). Continued primary production at station GF13 gave rise to a further reduction
in nutrient levels in the surface layer, and a subsurface Chl a maximum was now also observed at station
GF10. At the inner fjord station GF17, still no sign of primary production was observed, despite that the
station was already ice free for more than a month. Chl a values remained low, nutrient concentrations
and pCO2 were relatively high, and oxygen was below saturation in the upper water column (Figure 4).

At the end of May, important changes in the physical settings occurred at all three stations (Figures 3 and 5).
The temperature of the upper 15m increased, and a subsurface temperature minimum developed between
10 and 20m. This subsurface minimum was most pronounced at station GF17 closest to the KNS glacier ter-
minus (minimum temperature of�1°C at 18m depth). At station GF17, the water layer between 15 and 60m
showed a clear cooling compared to previous months, linked to cold water input from the KNS terminus
(Figures 3 and 5). Salinity profiles at stations GF10 and GF13 remained unchanged, but at GF17, a freshening
of the upper 60m of the water column occurred, linked to the melting of ice mélange (sea ice and glacial ice)

Figure 5. Length section of (top row) temperature and (bottom row) salinity for transects in Godthåbsfjord during early
May (10 May) and June (4 June) from glacier (right) to fjord entrance (left).

Table 1. Data on Mixed Layer Depth (m), Euphotic Depth (m), Stratification Index (J m�2), and Integrated Chlorophyll a
(mgm�2) at Stations GF10, GF13 and GF17 Over 3 Months (Sampling Dates Are 9 April, 8 May, and 3 June 2013)

Station
Mixed Layer
Depth (m)

Euphotic
Depth (m)

Stratification
Index (J m�2)

Integrated Chlorophyll
a (mgm�2)

9 April 2013 GF10 14 14 35 120
GF13 6 22 48 112
GF17 7 31 40 2

8 May 2013 GF10 17 16 53 185
GF13 8 23 61 102
GF17 10 37 40 2

3 June 2013 GF10 6 22 41 142
GF13 4 17 76 155
GF17 15 26 97 62

Journal of Geophysical Research: Biogeosciences 10.1002/2015JG003240

MEIRE ET AL. SPRING IN A SUBARCTIC FJORD 1586



and due to fresh water runoff. For the first time, high Chl a values (~15μg L�1) were observed at the inner station
GF17, which were concentrated in a narrow subsurface maximum around 15m. Concurrently, an oversaturation
of oxygen (130%), a strong reduction in pCO2 (~150μatm), and strong nutrient (nitrate and DSi) depletion sug-
gested strong primary production at GF17 (Figure 4). Together, these data indicate that the spring bloom had
finally started at GF17, 2months later than at the two out-fjord stations. At these stations GF10 and GF13, primary
production continued, generating subsurface Chl amaxima (up to 20μgL�1 in GF13), low surface pCO2, high O2,
and low nitrate in the surface water layer (Figure 4).

3.3. Biogeochemical Gradients in the Fjord System During the Spring Bloom

In addition to the monthly sampling at the three fjord stations, a hydrographic survey was carried out in May
2013 along a transect from the continental slope to the inner fjord. This survey revealed substantial spatial
variability (Figure 6). In the central and inner part of the fjord (GF5 to GF18), warm (1.75–2°C) and saline
(~33.4) water was found at depth characterized by low oxygen concentrations (80–85% air saturation;
Figure 6). Temperature and oxygen transects revealed upwelling of this warmer and oxygen-depleted water
mass in the inner part of the fjord (GF15 to GF18; Figure 6). Salinities (~32) in the upper water column were
only slightly lower in the inner part of the fjord, indicating limited ice melt and/or limited freshwater runoff.
Toward the mouth of the fjord (GF4 to GF10), salinity and temperature of the surface layer gradually
increased. The oxygen levels in the upperwater column showed also an out-fjord increase, fromundersaturation
in the inner part of the fjord (85%) to oversaturation (110%) close to the mouth (Figure 6). Close to the entrance
of the fjord (GF1 to GF4), tidal mixing in the outer sill region annihilated stratification and homogenized the
entire water column, thus generating uniform temperature and salinity profiles with depth (Figure 6). At the
continental slope (Fyllas Banke station FB3.5), a warm (>2°C) and saline (~34.0) water mass was present deeper
than 150m, overlain by a pycnocline between 75 and 150m of water depth, which marked the transition to
colder (~0.5°C) and slightly fresher (~33.4) surface water.

In the innermost part of Godthåbsfjord, close to the glaciers (GF17), high nutrient concentrations were
observed in the upper water column (Figure 7). Combined with favorable deep light penetration, such high
nutrient conditions would normally lead to the development of a phytoplankton bloom. However, the
expected buildup of phytoplankton biomass and the associated consumption of nutrients were only

Figure 6. Length section of salinity (left), temperature (°C, middle), oxygen (% air saturation, right) in Godthåbsfjord during the May 2013 cruise from Fyllas banke
shelf region (left) to the proximity of KNS glacier terminus (right). The top panel shows a close-up on the upper 50 meter.
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observed out-fjord near station GF13, where high Chl a concentrations were present in the upper 10m.
Farther out-fjord in the central part of the fjord (GF10 to GF5), nutrients became gradually depleted in the
surface layer, and as a result, the bloom was displaced to deeper water depths (20–40m), giving rise to sub-
surface Chl a peaks (concentrations ~ 5–6μg L�1). Strong tidal mixing in the outer sill region (GF1 to GF5)
induced a small increase in nutrient concentrations, but Chl a concentrations remained low in the outer sill
region, presumably due to strong downward mixing of cells below the photic zone (Figure 7). Starting from
the inner fjord (station GF19), the total phytoplankton biomass (integrated over the upper 40m, Figure 7d)
showed a gradual buildup toward a maximum of 7–8 g Cm�2 in the central part of the fjord, followed by a
decrease toward the mouth of the fjord. The depth-integrated zooplankton biomass recorded during the
same spatial survey (data already reported in Teglhus et al. [2014]; reproduced in Figure 7) exhibited a similar
spatial pattern, with a peak in krill biomass around GF10 (0.38 g Cm�2) and maximum in copepod biomass
around GF7 (0.84 g Cm�2) .

4. Discussion

Typically, the spring bloom accounts for a major part (50–60%) of the total annual primary production in
high-latitude fjord systems [Sakshaug, 2004; Juul-Pedersen et al., 2015; Meire et al., 2015], and hence, it is
important to understand the environmental factors that drive the timing and dynamics of these spring bloom
events. We investigated the spring bloom development in 2013 in Godthåbsfjord, a subarctic fjord adjacent
to the Greenland Ice Sheet. Sea ice cover in Godthåbsfjord only plays a limited role in the spring bloom
dynamics, as the sea ice remains typically confined to the innermost part of the fjord, close to the tidewater
outlet glaciers. In 2013, the sea ice cover broke up early, allowing us to study the biogeochemistry throughout
spring to within 20 km of the edge of the marine terminating glaciers. This sampling campaign revealed
substantial spatial gradients in the fjord where the buildup of biomass was delayed by almost 2months in

Figure 7. Length section of (a) nitrate (μM), (b) phosphate (μM), (c) chlorophyll (μg L�1), and (d) integrated phytoplankton
and zooplankton biomass (mg Cm�2) in Godthåbsfjord obtained during May 2013 cruise from mouth of the fjord (left) to
KNS glacier terminus (right). Zooplankton biomass (mg Cm�2; Figure 7d) is redrawn from Teglhus et al. [2014].
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the innermost part of the fjord. These
findings suggest that the intensity
and location of the spring bloom in
Godthåbsfjord is controlled by an
interplay of three physical factors:
(1) the presence of sea ice, (2) the
upwelling of nutrient-rich water, and
(3) the wind forcing. First, we will
discuss the impact of these physical
drivers (sea ice, upwelling, and winds)
on the water circulation in the fjord
during the winter and spring.
Subsequently, we will discuss the
impact of the resulting water circula-
tion pattern on the biogeochemistry
of the fjord.

4.1. Circulation During Spring
in Godthåbsfjord

The surface water circulation in
Godthåbsfjord in spring is determined
by the interaction between three
different physical forcings: density-
driven coastal inflows, fjord wind,
and freshwater runoff. During winter
and early spring, inflows of coastal
water are observed in Godthåbsfjord,
driven by density differences (mainly
determined by salinity) between the
shelf and the fjord (Figure 6). These

inflows occur sporadically from October to April/June, and their occurrence is linked to variations in the
coastal current system and the West Greenland Current [Mortensen et al., 2011, 2014]. As a result of the inflow
of denser coastal water, the mean density in the fjord increases during winter and early spring, as described
previously by Mortensen et al. [2011, 2014]. The coastal inflow thus causes a gradual replacement of the
low-saline water that accumulated during the summer melt of the previous year. This basin water renewal
also induces upwelling in the inner parts of fjord, which is supported in our observations by the upward
sloping of isohalines in the inner part of the fjord in spring, as well as by the temperature and oxygen data
(Figures 3 and 6). As a result of upwelling in the inner part, the water in the surface layer is pushed outward
toward the fjord entrance.

The innermost part of Godthåbsfjord is normally covered with sea ice during winter, which was also the case
during winter and early spring of 2013. The presence of sea ice shelters the surface waters from the wind
stress and thus reduces circulation in the upper water layer (Figures 2 and 8). However, sea ice broke up early
in 2013 (late March; Figure 2), and from this moment onward, fjord winds were able to act on the surface
circulation. During winter, the combination of a cold Greenland Ice Sheet with (relatively) warm coastal water
drives an out-fjord wind regime in many of Greenland’s fjords [Bromwich et al., 1996]. This pattern is also
apparent in Godthåbsfjord, where we observed an out-fjord wind, which was steered along the curved fjord
axis due to the steep orography of the fjord (Figure 2). This strong out-fjord wind regime likely enhances the
outflow of the surface water in spring and intensifies the ongoing density-driven upwelling of deeper water
in the inner fjord system. These out-fjord winds also affect the iceberg transport within the fjord. Until mid-March
2013, the presence of an ice mélange kept the icebergs trapped at the glacier termini. The breakup of the ice
mélange in front of Narsap Sermia typically marks the start of iceberg calving season. As seen on satellite
images (Figure 2a), the calved icebergs from Narsap Sermia were exported quickly out of the fjord during
April–May by the dominant out-fjord winds (Figures 8a and 8b).

Figure 8. Conceptual model of the hydrodynamic circulation in winter, early
spring (April–May), and late spring (end of May–June) in the fjord and its
effect on the spring bloom dynamics. Coastal inflows and out-fjord winds are
acting from winter to May and result in an out-fjord surface water transport.
This causes a gradual out-fjord development of the spring bloom. From May,
the coastal inflows weaken, and prevailing wind direction becomes in-fjord.
This changes the hydrodynamic circulation and leads to a transport of the
surface water toward the inner part of the fjord (KNS glacier terminus). The
40m isobath is indicated in each panel. The green area delineates the
location of the spring bloom.
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In mid-May 2013, the dominant wind direction changed from out-fjord to in-fjord (Figure 2c). This change
was caused by more intense heating in the inner part of the fjord, and this in-fjord wind regime is
characteristic for late spring and summer in Godthåbsfjord [Mortensen et al., 2011]. At the end of spring,
density-driven inflows of shelf water also weakens, a reoccurring pattern observed by acoustic Doppler
current profiler measurements earlier [Mortensen et al., 2014]. Downward sloping isohalines toward the inner
part of the fjord suggest downwelling at the head of the fjord (Figure 5). We hypothesize that the change in
the dominant wind direction and weakening of the coastal inflows (Figure 2c) reversed the circulation in the
surface near layer of the inner fjord (Figure 8). Contrary to the previous months, icebergs were no longer
transported out-fjord, but as revealed by the satellite images, icebergs were actually transported into the
fjord (Figure 2a). As a consequence of this new circulation mode, warm surface water was transported from
the central parts of the fjord toward the KNS terminus (Figure 5). Below the warmer surface layer, a cold water
mass (at 10 to 40m depth) indicates the necessary return flow, where the cold water temperatures are
associated with the melting of the ice mélange near the glacier terminus.

During May 2013, the glacial melt season had not started yet, as discharge of glacial rivers was still low [van As
et al., 2014]. But aside direct solar heating (and higher air temperatures, Figure 2b), wind-driven advection of
warm surface water is another potential heat source for melt of the ice mélange near the glacier termini
(Figures 3 and 5). Summarizing our observations, we hence propose a circulation pattern in late spring, which
is characterized by an in-fjord wind, a weak upwelling in the inner fjord, and a counterflow just below the
stratified surface water (as depicted in Figure 8c).

4.2. Development of the Spring Bloom in Godthåbsfjord

Our data revealed a clear pattern in the timing and spatial extent of the spring bloom in Godthåbsfjord, which
can be linked to the changes in water circulation regime as described above. Light limitation and increased
vertical mixing generally prevents the development of a spring bloom in winter where Chl a concentrations
are low (<0.1μg L�1) [Juul-Pedersen et al., 2015; Meire et al., 2015]. Increased solar radiation, combined with
increased stratification due to melting of the calved icebergs in the fjord and runoff due to snow melt in
spring, subsequently creates favorable conditions for a phytoplankton bloom (Figure 3). The spring bloom
started to develop in Godthåbsfjord in April 2013, though not at the innermost stations close to the KNS
glacier terminus (Figure 4). Despite comparable stratification and light levels (Table 1), a strong spatial
gradient was observed between the in-fjord station GF17 and the out-fjord stations GF10 and GF13. From
early April to May, a continuous phytoplankton bloom was observed at stations GF10 and GF13, while over
the same period, Chl a concentrations remained low at GF17 (located ~50 km in-fjord). Our hydrographic sur-
veys indicated that upwelling occurred in the inner fjord section (close to GF17), which supplied nutrient-rich
water to the surface waters during the spring months (Figures 4 and 6). This provided a continuous supply of
nutrients needed to sustain the spring bloom in the fjord system (Figure 8b), which was both extensive in
space (covering the section from the fjord mouth to GF13) as prolonged in time (April–June). The observed
patterns in primary production are further supported by undersaturation of oxygen and relatively high pCO2

levels close to station GF17, while oxygen oversaturation and low pCO2 levels were observed at the out-fjord
stations (GF10 and GF13) (Figure 4) [Meire et al., 2015].

As stratification and light climate conditions are comparable between stations (Table 1), a difference in grazing
pressure by zooplankton could be an explanation for the absence of a spring bloom in April–May near the
glacier front. Data on zooplankton biomass and grazing experiments however show that the grazing impact
is low (maximum 15% of phytoplankton community, [Teglhus, 2014]), suggesting that physical drivers must
play a dominant role. So why did the spring bloom not develop close to glacier, i.e., at station GF17? The deep
nutrient-rich water that upwells in the inner fjord section is low in phytoplankton spores as indicated by the
low chlorophyll values and cell counts at GF18 (observed during May cruise on R/V Sanna). Therefore, we
hypothesize that the absence of a phytoplankton bloom at the inner most station GF17 is due to a spatially
displaced buildup of phytoplankton biomass. The upwelling of deep waters near the glacier termini induces
an out-fjord circulation of surface water. While the surface water flows out-fjord, the phytoplankton popula-
tion gradually builds up from a low seeding population, and so the actual bloom only manifests itself at
GF13 and further toward the mouth of the fjord (GF10 and beyond). Based on a doubling time of 0.4 to 0.6
per day for diatoms at 0°C [Eppley, 1972; Gilstad and Sakshaug, 1990] and with observed chlorophyll a values
of 0.1μg L�1 at GF17, it is possible to estimate the distance for a bloom to develop. Assuming no grazing,
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it takes 10–12 days to reach Chl a values of 5 to 10μg L�1. With an estimated surface current in Godthåbsfjord
of around 5 cm s�1, this implies that it takes a distance of 42 to 66 km for the bloom to develop. This estimate
is in general accordance with the distance (~50 km) between the KNS terminus and station GF13, where
the bloom became first noticeable. Although the phytoplankton growth rates and the advective time scale
were not measured directly, our first-order calculation supports the hypothesis that phytoplankton growth
was ongoing during the out-fjord transit of upwelled water but that sizeable biomass accumulation only
manifested itself farther downstream.

As noted above, the sea ice broke up early in Godthåbsfjord in 2013. The sea ice extent will affect the area and
location where the “delayed” spring bloom can develop. In years where the inner fjord is more extensively
covered by sea ice, we hypothesize that upwelling will take place under the sea ice and that this upwelling
will also drive an out-fjord flow of the surface water. Hence, the sea ice edge will determine the location
where light can first penetrate and the buildup of phytoplankton biomass can start. Accordingly, in years with
a larger sea ice cover, we speculate that the same type of bloom dynamics goes on but that the location of
the phytoplankton bloom will be shifted to more out-fjord stations (i.e., at a roughly constant distance from
the sea ice edge). Previous surveys, undertaken in Godthåbsfjord during spring, support the delayed spring
bloommodel that is proposed here. A study by Arendt et al. [2010] shows a similar upwelling in the inner fjord
region of Godthåbsfjord with a subsequent delayed development of a phytoplankton bloom further out-fjord.
Observations from the mouth of Godthåbsfjord support the hypothesis that a large fraction of the biomass
is exported toward the mouth of the fjord and dispersed throughout the entire water column due to strong
tidal mixing within the sill region [Juul-Pedersen et al., 2015].

High phytoplankton biomass was only observed at GF17 at the end of May, indicating that the spring bloom
did eventually initiate at this station, albeit with a delay of almost 2months. In a period of 20 days, nutrients
were strongly depleted in the upper 10m at station GF17, while a strong oversaturation in O2 and an under-
saturation in CO2 developed (Figure 4). These observations match with the observed circulation changes in
the upper layer (section 4.1 and Figure 8c), where surface water was driven toward the inner fjord.

4.3. Conclusions and Outlook

Local upwelling driven by density inflows, in combination with fjord winds, resulted in an outward transport
of surface water in Godthåbsfjord during spring. This circulation pattern plays an important role in the spring
bloom dynamics of the fjord system (Figure 8). The upwelling of nutrient-rich water in the inner part of the
fjord results in a gradual buildup of a high phytoplankton biomass in the fjord (Figures 4 and 7). Biological
uptake causes a gradual depletion of nutrients in the upper water layer, which then leads to a concomitant
decrease in plankton biomass as one move toward the sill region (Figure 7). The prolonged and intense
phytoplankton bloom in the fjord forms an important food source for higher trophic levels and sustains a
high zooplankton biomass [Arendt et al., 2010; Teglhus et al., 2014] (Figure 7). Therefore, changes in fjord
circulation patterns linked to changes in dominant winds and fjord-ocean exchange in addition to changes
in sea ice cover can have large implications on spring bloom dynamics in high-latitude fjord systems.
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