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We introduce a new intuitive evaluation method for comparison of fjord model results and current measure-
ments. The approach is tested using high resolution model simulations and measurements in the Hardangerfjord,
a large fjord system in Norway with huge aquaculture production. The method is easy to interpret, clearly
distinguishes periods with good and poor model performance, and relate them to physical driving forces. This

Fjords
I-iar dangerfjord makes it possible to identify potential shortcomings in the models’ representation of physical processes.
Norway The applied model mostly performs well in the Hardangerfjord. Good performance often coincides with strong

local fjord forcing (i.e. strong winds in the fjord). In periods with poor model performance, internal waves
induced by pressure perturbations on the coastal shelf tend to propagate erroneously into the fjord. Stratification
biases in coastal waters, connected to the applied model boundary conditions, seems to be an important cause.

Demonstrated flexibility of time frame and performance criteria suggests applicability of the validation
method for a wide set of geophysical variables in various physical environments.

1. Introduction

Currently, mariculture is practiced in more than 100 countries
(Oyinlola et al., 2018). Open facilities are often used, allowing for free
water exchange with the surrounding marine environment. Growth and
survival of farmed organisms thereby depend on the physical and
chemical properties of the entering water. In turn, water properties of
the surroundings are affected by the farms. Current, temperature, and
salinity output from hydrodynamic model systems are used as input for
Lagrangian particle-drift models predicting salmon lice infestation
pressure for such environments (Adams et al., 2015; Asplin et al., 2014;
Foreman et al., 2015; Gillibrand and Willis, 2007; Johnsen et al., 2016;
Kragesteen et al., 2018; Myksvoll et al., 2018; Rogers et al., 2013; Sal-
ama and Rabe, 2013; Salama et al., 2018; Sandvik et al., 2016a, 2020).
For these and other studies (e.g. dispersion of pollution, pathogens,
harmful algal blooms), it is important to reveal: How well hydrodynamic
models reproduce reality, underlying causes for correspondence and
mismatch, and ways to improve the models. Information on the model
accuracy is also often asked for by the industry, authorities, and public.

Numerous accuracy measure indexes on how model results repro-
duce measurement data exist (Armstrong and Collopy, 1992; Chen et al.,
2017; Duveiller et al., 2016; Shcherbakov et al., 2013). However, many

* Corresponding author.
E-mail address: stig.dalsoeren@hi.no (S.B. Dalsgren).

https://doi.org/10.1016/j.ecss.2020.107028

of the traditional used indexes such as the Pearson correlation coeftfi-
cient (r), coefficient of determination (Rz) and root mean square error
(RMSE) suffer from one or more shortcomings such as poor resistance to
outliers, asymmetry, and scale dependencies (Armstrong, 2001; Chen
et al., 2017; Duveiller et al., 2016; Shcherbakov et al., 2013). Scatter-,
histogram-, quantile-quantile plots and Taylor diagrams are much used
graphical presentation forms, the last visualizing concurrently various
metrics that contain complementary information. However, their
interpretation is not straightforward for the broad user group referred to
in the last paragraph and may be hampered by shortcomings in the
metrics forming their basis. These are major reasons why we suggest a
new evaluation method summarizing agreement by a single index that
fulfill criteria for good accuracy measures (Adams et al., 2015; Arm-
strong and Collopy, 1992; Clements and Hendry, 1993; Fildes, 1992).
We apply the accuracy measure index A suggested by Duveiller et al.
(2016), presented in more detail in the methods section. We also
introduce a graphical visualization approach (Methods and Results
section) categorizing model performance. Its presentation form is easy
to interpret and intuitive, thereby understandable for a broad interest
group consisting of scientist, spatial planners, decision makers etc. A
critical value of A, Agit, is chosen and above that value the model per-
formance is characterized as good. Since A is easy to compute,
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a-dimensional, scale-independent, and bounded, computation can be
made at many depth levels and locations using a single critical value
(Acrit) which is not the case for several other indexes not fulfilling these
criteria. The use of the method is demonstrated for the Hardangerfjord
in Norway.

Norway is one of the world’s largest producers of Atlantic salmon.
The Norwegian government has implemented a management system for
aquaculture using traffic lights (green-yellow-red) to control the
growth in an environmentally sustainable way (Myksvoll et al., 2018).
There are several risk factors that may hamper a sustainable aquaculture
and increase in salmon farming in Norway (Grefsrud et al., 2019; Tar-
anger et al., 2014; Torrissen et al., 2013). The effect of parasitic salmon
lice, released from salmon farms, on the mortality of wild salmonid fish
is currently used as indicator for the traffic light system. Output from the
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hydrodynamic model applied in this study is used as input for a
particle-drift model predicting infestation pressure providing informa-
tion for the traffic light assessment (Myksvoll et al., 2018; Sandvik et al.,
2020). It is therefore important to document model performance by a
reliable and intuitive method. For the Hardangerfjord, this is particu-
larly important as the production area which includes the fjord in
February 2020 was given a yellow light. This means that the production
is not allowed to increase until the next vulnerability assessment is made
after two years (autumn 2021). The fjord has one of the world’s densest
concentrations of farmed salmonid fish with a yearly production of
about 80,000 tons (Sandvik et al., 2020).

The 183 km long Hardangerfjord situated on the Norwegian west
coast (Fig. 1), is Norway’s second longest fjord. The main fjord has four
basins separated by shallower sills (Fig. 1). The largest basin depth is

Fig. 1. Upper panel: Bathymetry in and near the
Hardangerfjord in the high resolution (160 m x 160
m) hydrodynamic model presented here and locations
(black symbols) of measurement sites: Square:
Acoustic Doppler Current Profiler (ADCP) located
mid-fjord. Triangles: CTD (Conductivity, Tempera-
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ture and Depth) locations where profiles of salinity
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measurements from the Utsira (offshore) and
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820 m while the shallowest sill is at about 180 m depth. The width of the
main fjord ranges from about 2 to 7 km. At the inner part, the main fjord
branches into several narrow side fjords. There are several large rivers in
the region, and in the side fjords the surface water is usually brackish.
The yearly average flux from all rivers discharging to the fjord is typi-
cally in the range 500-800 m>/s but inter-annual, seasonal, and day to
day variation are large (Sjotun et al., 2015). On seasonal basis, fluxes
often have maximums in late spring due to snow melt in the surrounding
mountains and in fall-early winter due to heavy precipitation (Sjgtun
et al., 2015).

The main fjord connects to the ocean (the northern North Sea)
through one main fjord mouth and three narrower channels to the north
(Fig. 1). On the coastal shelf, outside the fjord mouth, depths are 40-200
m over much of the area except for some deeper troughs. At the coast
and in the outer fjord the dominant wind direction is approximately
north-south (typically 60-65% of the time (Mayer et al., 2020)). In the
mid-inner main fjord, the wind tends to be steered by channeling action
of steep mountain sides and mainly follow the up- and downwind di-
rections of the fjord.

In the Hardangerfjord, currents have the potential to transport
salmon lice over long distances (up to 100 km) during their pelagic
phase (Asplin et al., 2014) and their vertical position depends on
physical conditions like temperature and salinity (Crosbie et al., 2019,
2020; Johnsen et al., 2014; Samsing et al., 2016). Better understanding
of the circulation and hydrography of the upper water masses in the
fjord, where lice and migrating salmon often reside (Crosbie et al., 2019,
2020; Davidsen et al., 2008; Johnsen et al., 2014; Samsing et al., 2016;
Sandvik et al., 2020), is a prerequisite to take the right action to evaluate
the infestation pressure.

The circulation in the Hardangerfjord shares many of the features
reported for other mid-latitude fjords with similar geophysical charac-
teristics (Farmer and Freeland, 1983; Inall and Gillibrand, 2010; Inall
et al., 2015; Stigebrandt, 2012; Wan et al., 2017). The major driving
factors for the circulation in these fjords are freshwater input, tides, local
winds, and external fluctuations in stratification on the coastal shelf.
Freshwater input drives exchange via shear entrainment at or near the
surface. The supply of freshwater to the fjord stratifies the water column.
A shallow quite well mixed layer with light outflowing fjord water de-
velops in the inner fjord overlaying denser water below, and a density
gradient (the pycnocline) separates these water masses. The upper layer
of fjord water becomes more saline on its way toward the fjord mouth
due to mixing and entrainment. Wind induces momentum stress on the
water surface and in strong events it may be decisive for current strength
and direction (Castillo et al., 2017; Svendsen and Thompson, 1978), and
vigorous mixing may move the pycnocline downward. Tides affect the
whole water column and may drive both barotropic (tidal pumping),
and baroclinic exchange (diapycnal mixing).

Stratification fluctuations external to the fjord mouth affect the fjord
circulation, especially intermediary exchange. Density variations
outside the fjord set up a pressure gradient force between the fjord and
shelf driving baroclinic flows within the fjord (Arneborg et al., 2004;
Asplin et al., 1999; Jackson et al., 2018; Klinck et al., 1981; Stigebrandt,
1990; Sundfjord, 2010). These low frequency density fluctuations in
coastal water is the dominant exchange mechanism with the shelf for a
typical fjord on the Norwegian west coast (Stigebrandt, 1990). The
characteristics of the associated fjord flows depend on the fjord width
and length (i.e. internal Rossby radius of deformation of the fjord, 3D
dynamics are integral for radius >0.5), forcing period and amplitude,
and the initial vertical stratification on the coastal shelf (Jackson et al.,
2018; Sundfjord, 2010).

One mechanism for coastal density variations is wind-induced
coastal convergence or divergence of the surface Ekman layer. In the
Northern Hemisphere, the net wind-driven transport of water is to the
right of the wind direction. Along the western coast of Norway, north-
ward wind thus results in onshore water transport near the surface. The
widths of the associated coastal currents are typically comparable to the
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internal Rossby radius of deformation. Near the coastal wall there will
then be a rise of the sea surface, downwelling below, and deepening of
the pycnocline. Where the coastline is broken by a fjord, these move-
ments set up a horizontal pressure gradient at the fjord mouth and in-
ternal waves propagate into the fjords. The propagating waves sets up a
temporary current field driving exchange between the coast and fjord
and locally inside the fjord. The induced current signal in the fjord will
be directed into the fjord above the pycnocline and out of the fjord
below. For southward wind, there will be offshore transport of coastal
water near the surface, upwelling near the coast and a rise of the pyc-
nocline. This results in outward flow above the pycnocline and inward
below. We adopt nomenclature from Asplin et al. (1999) and in the
following sections we denote this type of circulation as “nonlocal wind
driven coast-fjord advection”.

Advection of water-masses with different properties can also result in
density fluctuations on the coastal shelf and induce flow into or out of
the fjord. The Norwegian Coastal Current (NCC) is an important dy-
namic feature along the coast with high spatial and temporal variability
that interacts with the nonlocal wind driven coast-fjord advection
(Seetre, 2007). The cold and fresh NCC is wedged between the warm and
saline Norwegian Atlantic Current and the coast. In the summer, it is
wide and shallow, while in the winter it turns narrow and deep. Typical
current speeds in the NCC are about 0.2-0.5 m/s, with maximum speeds
exceeding 1 m/s.

Particularly for the Hardangerfjord, Sundfjord (2010) and partly
Asplin et al. (2014) discuss the contribution from nonlocal wind driven
coast-fjord advection. They show that the associated internal waves and
current signals only establish far into the fjord if rather strong along-
shore winds sustain over several days. Other studies (Asplin et al., 2014;
Azad et al., 2019; Husa et al., 2014; Johnsen et al., 2014; Sandvik et al.,
2020; Skogen et al., 2009), focusing on marine biology and food secu-
rity, briefly discuss the general circulation of the fjord system or parts of
the main fjord.

2. Methods
2.1. Hydrodynamic model

In this study, we apply the open-source Regional Ocean Modeling
System (ROMS) (Haidvogel et al., 2008; Shchepetkin and McWilliams,
2005) (see also http://myroms.org) which is a state-of-the-art, three--
dimensional, free-surface, hydrostatic, primitive equation ocean model
that uses generalized terrain-following s-coordinates in the vertical. The
model grid used in the present work covers the Hardangerfjord and
surrounding areas (Fig. 1) with 160 m x 160 m resolution in the hori-
zontal and applies 35 vertical levels. This model version, named
NorFjords-160, has been applied in several recent studies (Filbee-Dexter
et al., 2020; Simonsen et al., 2019; Skardhamar et al., 2018).

The bathymetry data was downloaded from the online data source,
http://www.norgedigitalt.no, established by the Norwegian Mapping
Authority, the Hydrographic service. Tides from TPX07.2 global tidal
analysis were included (Egbert and Erofeeva, 2002). Daily river flow
rates from 170 rivers were included in the NorFjords-160 simulations
and based on estimates from the Norwegian Water Resources and En-
ergy Directorate (NVE) through their updated data series from all
catchment areas in Norway (http://nve.no). These data series use
measured water flows to estimate the total runoff along the coastline
within each catchment area. As there are several main rivers within each
catchment area, we separated the flow according to each river’s up-
stream area. Atmospheric forcing was provided from AROME MetCoOp
(Meteorological Co-operation on Operational Numerical Weather Pre-
diction) 2.5 km, the main forecasting system at the Norwegian Meteo-
rological Institute (Miiller et al., 2017).

Initial hydrodynamic fields were obtained from parts of a 25-year
hindcast archive from the 800 m x 800 m resolution model NorKyst-
800 covering the Norwegian coast. Details and results from this model
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archive are presented in Asplin et al. (2020). Hydrodynamic forcing
along the NorFjords-160 open boundaries was taken as hourly fields
from this archive. The Chapman boundary condition (Chapman, 1985)
was used for the free-surface boundary condition and the Flather
boundary condition (Flather, 1976) was applied for the barotropic ve-
locity. The applied method (Marchesiello et al., 2001) provide radiation
conditions on outflow and nudging to a known exterior value on inflow
for 3D momentum and tracers (one-way nesting, see Asplin et al. (2020)
for details). When compared with temperature, salinity, and current
measurements, NorKyst-800 mostly shows good correspondence (Asplin
et al., 2020). The focus was then on long time scales (monthly, seasonal
and yearly averages) using traditional graphical presentation forms and
accuracy measure indexes. The evaluation method introduced in this
study categorizing model performance over defined time frames of a few
days has yet not been applied but will be implemented in future studies.
NorKyst-800 is also run operationally at the Norwegian Meteorological
Institute (http://thredds.met.no) providing daily forecasts.

The Norfjords-160 simulations were performed from March
throughout August 2016 and March 2017 throughout December 2018
covering periods with rather frequent current and hydrographic mea-
surements in the Hardangerfjord. The model was run with an internal
time-step of 6 s, writing output data for temperature, salinity, currents,
etc. every hour. In this work, we focus on the subtidal circulation and in
the presented current results the model output and measurement data
were detided using the t-tide toolbox for Matlab (Pawlowicz et al.,
2002), then a 4th order Butterworth lowpass filter with a 24 h cutoff
period was applied. In the comparison with measurements the closest
model grid box is used. Representativeness is further touched upon in
the Discussion section.

2.2. Measurements

CTD measurements of temperature and salinity have been performed
approximately bi-monthly in the main branch of the Hardangerfjord and
occasionally in some side fjords since 2004. In this study, we apply
measurements from the CTD site closest to the ADCP site (Fig. 1). The
instrument used is a SAIV SD204 mini CTD (http://www.saivas.no). The
technical specifications for the SD204 are: Sampling interval 1 s, reso-
lution of temperature sensor 0.0018 °C, accuracy of temperature sensor
+0.018 °C, response time of temperature sensor 0.2 s, resolution of
pressure sensor 0.01 dbar, accuracy of pressure sensor +0.01% FS
(sampling frequency), response time 0.1 s. The Institute of Marine
Research also has eight coastal monitoring stations for hydrographic
measurements along the coast (Albretsen et al., 2011), (http://www.im
r.no/forskning/forskningsdata/stasjoner). At these stations, profiles are
collected approximately twice a month by CTD sampling, also using the
SAIV SD204. The outer and inner Utsira stations are in vicinity of the
mouth of the Hardangerfjord. Profiles from outer Utsira (location shown
in Fig. 1) are used as a proxy for the coastal stratification since it is far
enough from the fjord mouth to be relatively unaffected by fjord
inflow/outflow.

Wind measurements were retrieved from the Norwegian Meteoro-
logical Institute weather and climate database eKlima (http://eklima.
met.no). We compare modeled and measured coastal wind at the
Utsira island. The fjord wind is evaluated at the Kvamsgy island, which is
the measurement site situated closest to the ADCP site (see map in
Fig. 1). The measurement data is available as hourly means and the
sampling height is 10 m. Both stations are part of the official network of
the Norwegian Meteorological institute and measurements flagged
“very uncertain” by their quality control were discarded.

The current mooring was located approximately midway in the main
fjord (square Fig. 1) about 45 km from the fjord mouth. Moored Acoustic
Doppler Current Profilers (ADCP) were used, situated at depths from 12
to 32 m, measuring upwards and downwards using the Doppler shift to
estimate currents. Instruments of type Nortek Aquadopp 600-kHz Z-cell
profiler were used. The vertical cell size was 1 m and the sampling
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interval 600 s or 1200 s. More details about the current meters can be
found at https://www.nortekgroup.com/.

We compare modeled and measured currents at the ADCP site during
two spring-summer periods (Table 1) covering the important migration
periods of wild salmonid fish (see Introduction). The depth range of the
observation data used in this study goes from the surface to 15 m depth
for the sampling period covering the narrowest depth range and down to
50 m depth for the period covering the largest depth range (Table 1).
Current and wind strengths at the ADCP site and other fjord locations,
are always presented for vectors directed “along the fjord” which we
define as in southwest-northeast direction with northeast (into the fjord)
as positive.

2.3. Method for model validation

In this study, we use the accuracy measure index A suggested by
Duveiller et al. (2016):

1=1— Z?:l(xi*yi)z
2 2 2

z;;,(x,.j) +z;;,(y,.f?) +n(ﬂ?) k
=1 ”712?:1()(:' — Yl)z
- 2

a§+ai+(ffl7) +k

0, ifr>0

k= 2 Xn:(Xi—Y> (Yi—l7> , otherwise

i=0

In the equation, X; = modeled current at timestep i, Y;j = observed
current at timestep i, and n = number of timesteps in the comparison
period. X and Y are averaged modeled and observed currents over the
comparison period. 6x and oy are standard deviations of modeled and
observed currents over the same period. r is the Pearson correlation
coefficient. When r < 0, then A = 0. When r > 0 and when there is no
additive nor multiplicative bias, A = r. If there is a bias, the index will
take a lower value than r according to a multiplicative coefficient a that
can only take a value between 0 and 1:

ax/ay—i-ay/ax+2<7—7)2/(6X0Y) §

) can be considered as a natural extension to r that downregulates the
value of r according to the encountered bias. It is thereby directly
interpretable with respect to the Pearson correlation coefficient r.

We choose a critical bias value for A, denoted Ajt, Setting the limits
for decent model performance. The model performance is divided into
three categories and colored accordingly (Fig. 2): Green color denotes
“good” performance, yellow means “medium” and red “poor”. For A >
Acrit, We categorize the model performance as good and color those time
periods green. The closer the A value is to 1, the better is the corre-
spondence between the model result and the observed along-fjord cur-
rent speed. For A < Ay We categorize the model performance as either
medium or poor, denoted with yellow and red colors, respectively. A
poor model state is when there is a net transport in the wrong direction
in the model compared with the measurements during the defined

A=qr =

Table 1
Comparison periods presented in this manuscript.

Season Comparison period (model vs Depth range
measurements) measurements
spring-summer 27.4-27.6 0-45m
2016 1.7-16.8 0-40 m
18.8-30.8 1-50 m
spring-summer 3.5-31.7 0-15m

2017



http://thredds.met.no
http://www.saivas.no
http://www.imr.no/forskning/forskningsdata/stasjoner
http://www.imr.no/forskning/forskningsdata/stasjoner
http://eklima.met.no
http://eklima.met.no
https://www.nortekgroup.com/

S.B. Dalsgren et al.

end date

m Good
A > Acrit (small bias)

<« Medium
A < Acrit (large bias)

W Poor
A < Acrit (large bias)
+ net transport in
the wrong direction

period (n). Periods with large bias (A< Acrit) but with the net modeled
transport in the same direction as the observed direction is categorized
as medium (Fig. 2). Using the method one can calculate how much of the
time the model falls into the different performance categories (Fig. 2).
Acrit and the length of the comparison period (n) can easily be changed
making the method highly flexible. Sensitivity of the performance
classification to the choices of these parameters are demonstrated in the
Results section.

3. Results
3.1. Hydrography and currents in the mid of the Hardangerfjord

The numerical model results reproduce observations at or near the
ADCP site (see locations on map in Fig. 1) relatively well (Figs. 3-5). For
the temperature and salinity profiles we see a classical evolution from
spring to summer as a relatively thin upper layer becomes warmer from
solar heating (Fig. 3) and a brackish upper layer develops (Fig. 4). The
observed profiles are illustrated with filled circles, showing a similar
vertical structure as the model results. Also, for the location of the mixed
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Fig. 2. Schematic showing categorization of model
performance (left) and an example on calculation of
how much of the time the model falls into the
different performance categories over a given time-
frame (start date-end date) (right). The example is
for the ADCP site in the mid fjord (Fig. 1) and along-
fjord current at 0.5 m depth in the spring-summer
2017 (start date = 03.05, end date = 31.07)
analyzed in detail in the Results section. The model
shows poor performance (red with 2 black dots) 6%,
has medium performance (yellow and black dot) 7%
and good performance (green) 87% (13 + 72 + 2%)
of the time, respectively. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)

start date

layer depth, approximated as the depth with maximum vertical salinity
gradient, the agreement between the observed and modeled values is
good (Fig. 4).

The along-fjord current component reveals an episodic flow system,
with alternating episodes of inflow and outflow (Fig. 5), particularly at
intermediate depths. The inflow events tend to be 0.1-0.3 m/s stronger
than the outflow events. As noted in the Introduction such patterns
typically occur when internal waves of coastal origin propagate into the
fjord. Near the surface local wind forcing or brackish layer flow often
become more important and the flow is more irregular.

3.2. Demonstration of model validation method in the Hardangerfjord

Though visual inspection of comparable figures (previous section) is
useful for assessing a general impression of model performance it can
seldom be used to compare models or detect reasons for good or poor
model performance. In the following we show how using the new
quantitative and index-based model validation method provides us with
more information.

We demonstrate the method comparing modeled and observed
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Temperature (°C)

03.05-31.07 2017

Fig. 3. Temperature in spring-summer 2016 and 2017 in the middle part of the fjord (CTD near ADCP current comparison site, Fig. 1) in model (contours) and

measurements (circles).
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Salinity (psu)

03.05-31.07 2017

Fig. 4. Salinity in spring-summer 2016 and 2017 in the middle part of the fjord (CTD near ADCP current comparison site) in model (contours) and measurements
(circles). Black line and white crosses denote the mixed layer depth in model and measurements, respectively, approximated as the depth with maximum vertical

salinity gradient.
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Fig. 5. Current at ADCP site in spring-summer 2016 and 2017, observations and model. Arrows indicate episodes discussed in the coming sections.

along-fjord current speed at 0.5 m depth at the ADCP site (Fig. 6). Since
the mixed layer occasionally only is a few meters thick (Fig. 4) we
choose this depth level to be sure that the comparison is representative
for the mixed layer.

Choices must also be made for At and analysis period (n). A sensi-
tivity study varying n and Ay is shown in Fig. 7. Varying A in the
range 0.02-0.20 would result in almost no changes in the number of
occurrences of the different performance categories and quite small
changes in their time extension (Figs. 6-7). For A¢rit > 0.20 there will be
more periods categorized with medium and poor performance (Fig. 6b)
but such values of At will provide a very strict criterion as differences
between model and observations then become subtle (Fig. 6a). To have a
clear distinction between episodes with good and medium-poor model
performance it therefore seems reasonable to choose At in the range
0.02-0.20. Our choice of Aqjt = 0.05 is based on this and similar eval-
uations at other depths.

A comparison period (n) of 5-days is chosen as biases in modeled
currents over such a time frame potentially lead to large misplacement
of biological material (e.g. salmon lice) in particle dispersion models.
For a typical average model bias of +0.1 m/s (yellow and red periods)
salmon lice may be erroneously misplaced up to 40 km in the model over
a 5-day period. Salmon lice originating in the mid-outer fjord where
infestation pressure is most problematic (Sandvik et al., 2016a, 2020)
could then erroneously be retained in or transported out of the fjord
(“escape from the fjord™) or go too short or far into the inner fjord. In the
inner fjord, salinity levels in the upper water masses are lower and since

salmon lice avoid such levels there will also be a large vertical
misplacement. Adjusting the comparison period by one day (to 4 or 6
days), keeping Aqc at its preferred level (At = 0.05), gives small
changes in performance (Fig. 7). Performance worsen going down to 2
days (Fig. 7). However, keeping the same A for 2 days and 5 days will
result in shorter misplacement of salmon lice over 2 days (quite similar
average bias in current speed but it occurs over fewer days). For this
study, where distant misplacement (out of the fjord or to the inner fjord)
is considered most critical it would probably be reasonable to accept a
lower value of At if a period of 2 days was chosen.

3.3. Characteristics for periods with good model performance

The model often performs well in 2016 (green color 64% of the time
in Fig. 6) and particularly well in 2017 (87% of the time). During these
periods, there is often quite good correlation (r > 0.8) with medium to
strong local along fjord wind signals (Fig. 8). Since performance is good,
the model must have a realistic local wind field which is confirmed from
comparison between modeled and measured wind at the closest mea-
surement site (Fig. 9a).

An example of a situation when the numerical model gives a good
representation of the near surface current, is from July 16, 2016 (see
green arrows in Figs. 5, 6a and 8). At this day, an along-fjord wind into
the Hardangerfjord was present forcing the surface water in the same
direction (Fig. 10a).
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Fig. 6. a) Color categorization of model performance for modeled and observed current at 0.5 m depth at the ADCP site for spring-summer 2016 and 2017 based on A
and Ait, and net transport direction in model and observations over the same time frame. Arrows show timing of episodes discussed in the coming sections. b) A at
0.5 m depth in spring-summer 2016 and 2017 over consecutive 5-day periods (black lines). The chosen A = 0.05 is shown as a blue line. Colors along both the x-
axis show model performance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.4. Characteristics for periods with medium and poor model performance

In the first period with medium model performance (1st yellow
period in Fig. 6a) strong northward winds on the coastal shelf result in
strong coastal currents (Fig. 10b) and on-shore water transport near the
surface. This results in downwelling near the fjord mouth which sets up a
horizontal pressure gradient strong enough that internal waves propa-
gate all the way into the mid fjord (ADCP site, Fig. 10b). The intrusion of
denser coastal water masses near the surface leads to substantial deep-
ening of the fjord mixed layer. During the strongest inflows, the mixed
layer lowers to 30-50 m depth (Fig. 4) and temperature, salinity, and
currents signals become quite homogenous down to these depths
(Figs. 3-5). The measured current is stronger than the modeled near the
surface, but the extension of the signal is shallower (1st yellow arrow,
Fig. 5).

In the second yellow period (Fig. 6a) the measured current continues
to mainly be correlated with the coastal wind signal. Whereas, local
fjord wind explains much the model signal (Fig. 8). Coastal signals

propagate into the fjord in the model as well (not shown), but not
strongly enough to be evident near the surface in the mid fjord (ADCP
site).

Most other periods characterized by yellow and red color (arrows,
Fig. 6a) can also be explained by remote forced coastal signals not
propagating sufficiently far into the fjord in the model to reach the ADCP
site. An effect of this is that the signals, typically having broad maxi-
mums at intermediate depths, reach closer to the surface in the mea-
surements than in the model during most of these episodes (arrows,
Fig. 5).

3.5. Reasons for differences in model performance

At intermediate depths, the inflow episodes with some days’ dura-
tion (Fig. 5) are typically a result of internal wave propagation from the
coast after a period of downwelling. The propagating wave is affected by
friction, turbulence and topography on its way, but often these waves
reach the ADCP site. The propagation speed is typical for plane internal
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waves and less than 1 m/s (Miropol’sky, 2001). occurring 60% of the time and the periods with red color are rather
At 13.5 m depth, close to where we find the strongest intermediate short.
currents (Fig. 5), the modeled along-fjord current is still in relatively Important for the generation of the internal waves in the fjord mouth

good agreement with the observed current (Fig. 11). The green color is region are the direction and strength of the coastal wind and the water
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in Fig. 12.

mass stratification. The correspondence between modeled and measured
coastal wind is very good (Fig. 9b). Periods with medium and poor
model performance are therefore not caused by errors in the modeled
coastal wind field. As discussed in the methods section we use temper-
ature and salinity profiles at outer Utsira monitoring station as a proxy
for the coastal stratification. Comparing profiles of temperature and
salinity at this offshore site, we find that the model quality for salinity
varies widely. We extract three episodes as examples, a green, yellow
and red period, respectively (Fig. 12). We clearly see that the salinity
structure in the NorFjords-160 model is too weak for the two episodes
with medium (yellow) and poor (red) model performance at the ADCP
site and that the model replicates the observed offshore salinity profile
in the good (green) period.

The episodes with too weak stratification often occur in spring.
Associated up-/downwelling due to a given coastal forcing (e.g. along-
shore coastal wind) induces a too small density perturbation near the
fjord mouth and thereby a too weak pressure gradient across the coastal
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shelf. Internal wave propagation into the fjord therefore becomes too
weak. In general, the vertical structures of the coastal salinities in the
model are more realistic in July-August. The model performance in the
mid fjord is then improved both with regards to currents at intermediate
depth (Fig. 11) and near the surface (Fig. 6a), along with a more realistic
representation of the surface mixed layer depth (Fig. 4).

Outer Utsira is positioned close to the NorFjords-160 open model
boundaries. The deviations in the model’s stratification may therefore
be linked to any biases in the boundary conditions. We find that the
salinity and temperature profiles at outer Utsira are quite similar in both
Norfjords-160 and NorKyst-800 (Fig. 12), the latter model providing
boundary conditions for the finer scale model. The NorFjords-160 per-
formance is therefore likely influenced by biases that already has been
generated in the NorKyst-800 model.
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4. Discussion

An advantage with the presented validation method is flexibility (e.
g. possibility to vary the comparison period (n) and accuracy index
(Aeri)) and computational efficiency (easy to perform sensitivity
studies). Due to this we suggest applicability for a broad set of
geophysical variables and physical environments. The method could for
instance have been used if we wanted to make a more detailed evalua-
tion of the observed and modeled wind fields (Fig. 9). Aj; and n should
be set independently in each study. Depending on the purpose of the
study, assessment should be performed related to what is considered as
an acceptable “bias” (A.it) and the most relevant time-frame (n) for the
main applications. A sensitivity study of the type shown in the Results
section could be one way to make such an evaluation.

This study shows application for hydrodynamic model performance
in the Hardangerfjord. Improving performance through better repre-
sentation of the physical processes causing model biases in the Har-
dangerfjord will be the scope of a following up study. We therefore only
briefly discuss possible approaches here. One approach could be to test
using a larger model domain having the open boundaries further away
from the coastal shelf. However, this comes with a cost in the form of
enhanced demand on computing time and storage capacity. Biases
would probably persist but could be moved to a region further offshore
thereby having less influence on the fjord dynamics.

One-way nesting is applied at the open boundaries in NorFjords-160.
By implementing two-ways nesting we will allow implication of fjord
dynamics from NorFjords-160 not resolved in the coarser coastal model
(NorKyst-800). Running both the 800 m-model and the 160 m-model in
parallel exchanging state along the open boundaries of the fine scale
model may be an approach that potentially could alleviate the problem
to some degree.

Data assimilation, combining the numerical model and observations
to obtain a better representation of the coastal stratification in the model
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could be tested if more measurements become available. This demands a
coastal observational network with high spatial resolution. Measure-
ments must also occur frequently as our analysis reveals that the per-
formance of the model in its current state varies within the time scale of
a few days.

Though coastal stratification biases seem to be important, local
factors in the Hardangerfjord may also contribute to model biases.
Mixing with side fjords dampen the internal waves propagating into the
main fjord and incorrect circulation in side-fjords could have some
impact. Inaccurate local turbulent mixing may also be a contributing
factor and use of different parametrization schemes for mixed layer
turbulence could be tested. Since the river discharge is based on mea-
surements associated with the main rivers, we expect them to be real-
istic. The measurements do not cover all rivers and there could in some
cases be regulations downstream of the measurements in dams used for
production of hydropower. Therefore, there are some uncertainties in
the downstream fluxes entering the fjord, particularly related to timing
of the discharged freshwater. However, river discharge was not identi-
fied as a single major cause for the episodes with medium or poor model
performance for near surface currents.

The effects of small-scale spatial variability might be important. The
internal Rossby radius of deformation will have a length comparable to
the fjord width, and uneven topography and coastline affect the cur-
rents. Eddies are created in the widest fjord areas, fjord crossings, and
bends. A timely question is then whether there is a large chance for
spatial model error (i.e. incorrect placement and shape of current fea-
tures (Sandvik et al., 2016b)) as we in the comparisons with observa-
tions at the ADCP site use model values from the closest grid cell to the
measurement locations. We tested this by comparing the model currents
using the nearest grid cell, the average of the nine closest grid cells, and
the grid cells with maximum and minimum values within these nine
cells. This showed rather modest model variability near the ADCP site.
Using the closest grid cell should therefore not lead to large bias in the
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evaluation of model performance at this site.

All the major driving factors for the circulation in the Hardangerfjord
(local fjord wind, river discharge, alongshore coastal wind, and strati-
fication in coastal waters) are expected to be strongly altered with future
climate change (Hanssen-Bauer et al., 2017). This would affect the
balance between external and local forcers and thereby the propagation
of internal waves and the coast-fjord exchange. The proportion of the
fjord having water masses with a strong coastal signature could thereby
change in the future. This could further affect the frequency of water
renewal below sill level, a topic not focused upon in this study due to its
rather narrow time frame of a few years.

5. Conclusions

This study presents a new method for validation of hydrodynamic
fjord models when current observations are available. The method uses
an easily computable accuracy measure index and is flexible with
regards to performance criteria limits and assessed time frames. Model
performance can be presented in an intuitive form. We also demonstrate
how further analysis can derive the major forcings decisive for the fjord
circulation. Combining this with the validation method makes it possible
to find causes for good and poor model performance and whether poor
performance is caused by systematic model biases.

We tested the method in the mid of the Hardangerfjord having
frequent current measurements and topical biological and environ-
mental issues (salmon lice infestation pressure and other matters out-
lined in the Introduction). Our applied fjord model performs well most
of the time. In the mixed layer, good performance often occurs when
currents are correlated with the local wind field, suggesting that the
model is driven by realistic input data for local wind. Both in the mixed
layer and at intermediate depths, poor performance occurs when in-
ternal waves induced by pressure perturbations on the coastal shelf
propagate erroneously into the fjord. Coastal stratification errors in the
model connected to deviations in the boundary conditions for salinity
are likely the major cause.

Though we focused on currents in a Norwegian fjord, we propose
that the flexibility of the validation method makes it applicable for
model evaluation in any part of the world’s ocean. The necessary data is
a continuous observational time series and corresponding model results.
In addition, this method is also very likely applicable for other variables
describing the physical or chemical environment.
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