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Abstract: This paper investigates for the first time sea waves during Novaya Zemlya bora—
a downslope windstorm on the western coast of the archipelago during eastern winds—using a
statistical and case-study approach. Statistical analysis of altimeter data off the western coast of
Novaya Zemlya during bora shows that, despite strong wind forcing, the frequency of hazard wave
heights was low due to the limited fetch. This result was confirmed by the high-resolution numerical
simulations of two severe bora episodes. However, the influence of bora on sea waves in some cases
was significant: bora increased wave height at a distance from shore greater than 200 km and wave
height anomaly was up to 2–3 m. The influence of the wind input parametrization choice during
bora is great in the coastal region; however, parametrizations with fetch-limited modifications and
strong-wind adopted aerodynamic drag coefficient do not improve the modeling results in the open
sea where altimeter data are available.
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1. Introduction

Novaya Zemlya bora is a strong gusty wind (downslope windstorm) occurring on the western
and eastern coasts of Novaya Zemlya during air flow over the mountain ridge. Severity of this wind
has been known from the first half of the 20th century [1]. Frequency of wind speed higher than
30 m s−1 during bora on the western coast is 4%, and the wind attains a maximal speed of 48 m s−1 [2].

Downslope windstorms in the Arctic cause hazardous weather events such as ship icing [3],
poor visibility [4], and rapid ice drift [5]. Local coastal winds can also lead to a significant local increase
in the height of the wind waves [6]. For instance, wave height near the coast in the Novorossiysk
region increases in simulations that take into account the Novorossiysk bora when compared with
simulations without the bora [7].

An increase in wave height should also be expected during downslope windstorms in the Arctic.
This is especially likely on the western coast of Novaya Zemlya where wind speed reaches its greatest
value in the entire Arctic and where most of the year the coast is ice-free, which distinguishes the
Novaya Zemlya bora from downslope windstorms in Tiksi Bay, Pevek, and on Wrangel Island [8].
Despite the large number of studies on the Novaya Zemlya bora [2,8–14], hazardous weather events
associated with bora including storm waves have never been investigated.

Storm waves affect the efficiency and safety of maritime operations, leading to significant economic
cost and even fatalities. Extreme natural phenomena in the coastal zone are usually strongly localized
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in space and time, and because of their low frequency, do not readily lend themselves to statistical
estimation. This is why understanding the mechanism of these phenomena, assessing, and minimizing
the risks associated with them is one of the most urgent tasks of operational oceanography.

Sea waves caused by winds such as bora winds can hardly be described using classical methods
adopted in describing fetch-limited waves caused by stationary offshore winds more uniform in
space [15,16]. Downslope windstorms themselves are known not to extend very far from the lee
slopes [8,17,18]. Due to the so-called hydraulic jump (see, for example, [19]), the flow returns from
the supercritical state (shallow and fast flow) to the subcritical state (deep and slow flow), which is
expressed in a sharp alternation of strong-wind (near the foot of the mountain ridge) and weak-wind
(downstream, in the open sea) zones (so-called wakes). Gap winds that always accompany bora have
a different structure and occur downstream from straits, river valleys, and passes and spread over
100–200 km in the sea [20], but are usually weaker than downslope windstorms. It is a complex spatial
structure of wind field during bora and gap winds, which would lead to deviations from the classical
pattern of wave propagation during offshore winds. For instance, Shimada and Kawamura [21] showed
significant difference in the frequency-direction wave spectra between wakes and neighboring gap
wind jets.

The paper focused on sea waves during the Novaya Zemlya bora on the west coast of the
archipelago and had three tasks. Its first task, most relevant in practical terms, was to evaluate the
frequency of extreme waves (creating risks in navigation) during bora. To this end, a statistical analysis
of satellite altimetry observations was carried out. The second task was to estimate the contribution
of the Novaya Zemlya bora to sea wave formation, in order to see whether it could be neglected,
or whether the waves caused by bora (hereafter, “bora-caused waves”) must be taken into account.
To address this problem, altimetry observations and high-resolution simulations, which explicitly
resolve bora, were compared with a much rougher wave reanalysis, in which the bora effect is
not resolved or it is weak. Finally, the third task was to evaluate the features of the bora-caused
waves including the wave steepness, wave spectral characteristics, spatial features of the wave field,
and the distance from the coast at which the highest and steepest waves were observed. In addition,
we performed numerical experiments with different wind input parametrizations and modified
nonlinear wave interaction scheme in the wave model. These experiments allowed us to evaluate
the effect of short fetches characteristic of orographic winds on the wave modeling results under
bora conditions.

2. Data and Methods

2.1. Bora Calendar

To determine the bora periods, we used the observational data at the Malye Karmakuly
weather station located on the western coast of the South Island of the Novaya Zemlya archipelago
(see Figure 1). Data arse freely available on the website of the Research Institute of Hydrometeorological
Information—World Data Center [22]. The calendar of bora episodes was created for the period of
1976–2016 according to the method described in [2]. However, unlike in [2], we used more rigorous
criterion of the mean 10-min wind speed exceeding 15 m s−1 and wind direction in the interval 70–120◦.
This meant to exclude cases of weak bora that could not have any significant effect on sea waves.
A total of 9124 times or 2483 days with bora were selected.

2.2. Satellite Altimetry

There are no systematic in situ observations of sea waves during bora in the study area, therefore,
we used satellite altimeter measurements as the main source of information in this study as well
as in several other studies dealing with the sea waves in the Arctic (e.g., [16,23]). We created a
database of altimetry measurements of wind speed and significant wave height (SWH) in the Novaya
Zemlya region (46◦ E–66◦ E longitude, 70◦ N–78◦ N latitude) during bora from CryoSat, Envisat,
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ERS (European Remote-Sensing Satellite), Geosat, GFO (GEOSat Follow-on), SARAL (Satellite with
ARGOS and AltiKa), and Sentinel satellites for the period from 1985 to 1988 and from 1991 to 2018.
This regional database of altimetry measurements is based on the calibrated altimeter observations
provided by Ribal and Young [24] and distributed by IMOS (Integrated Marine Observing System)
through the Australian Ocean Data Network portal [25]. Measured wave height and backscatter
coefficients in the Ku-band (frequency range 12–18 GHz), C-band (frequency range 4–8 GHz),
and Ka-band for SARAL (frequency range 35.75 GHz +/− 250 MHz) averaged over a one second
sampling interval (which approximately corresponds to 6–7 km in space) were used. The root mean
square error (RMSE) of SWH from different altimeters verified against observational data is usually
estimated at about 0.3 m [26]. The quality of the AltiKa altimeter data from the SARAL satellite is
better, where the RMSE of SWH is 0.21 m [27].Atmosphere 2020, 11, x FOR PEER REVIEW 3 of 25 
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Figure 1. Altimeter data sample length in each 20-km grid cell during bora: number of observations (a)
and number of days with bora (b). Red point shows the location of the weather station.

In total, our altimetry database included 28,309 measurements, 575 times or 507 days with bora.
The following data were excluded from the database:

- values with standard deviation of the altimeter SWH exceeding 0.4;
- values with SWH lower than 0.3 m;
- values with distance to the shore closer than 15 km; and
- values with distance to the nonzero ice concentration closer than 10 km.

Wind speed derived from satellite altimeters is calculated from the normalized radar cross section
using standard algorithms [28]. Altimeter wind in coastal areas should be treated with caution [29,30],
since standard wind calculation schemes are tuned to the ocean and developed waves. On average,
the accuracy of altimeter wind speed compared with buoy measurements is 1.5 m s−1 [31]. For Altika,
the RMSE of wind speed is 1.75 m s−1, with a bias of 0.25 m s−1 [27].

To evaluate the statistical characteristics, altimeter SWH and wind speed were interpolated onto
the grid with a spacing of 20 km. Spatial-temporal average and maximum value were calculated inside
each grid cell. The largest number of observations was in the southwestern part of the study area.
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Near the coast of Novaya Zemlya and in the north, the number of observations was much smaller,
from 5 to 50 in each cell (Figure 1a). At the same time, the number of days when satellite observations
were available during bora was from 2 to 12 with a maximum in the north of the region (Figure 1b).

2.3. Wave Reanalysis

Wave reanalysis in the Barents Sea and North Atlantic was created on the basis of calculations of
the Wave Watch III (WW3) wave model version 4.18 for the period 1979–2016 [32]. The calculations
were performed using an unstructured grid. This grid consists of 16,792 nodes; the spatial resolution
varies from ~15 km for the Barents Sea to ~50 km for the northern part of the Atlantic Ocean. The model
output includes SWH, wave direction, mean period and wavelength; temporal resolution of the model
output is 3 h. Wind forcing for wave modeling was obtained from the Climate Forecast System
Reanalysis (CFSR) (1979–2010) with a spatial resolution of ~0.3◦ [33] and the Climate Forecast System
version 2 reanalysis (2011–2017) with a spatial resolution of ~0.2◦ [34].

Wave climate and storm activity in the Barents Sea was previously investigated using this wave
reanalysis [32,35,36]. However, the spatial resolution of the wave model and atmospheric forcing was
not sufficient to adequately reproduce orographic winds [9,37]. Figure 2 clearly demonstrates this:
SWH composite during bora (Figure 2a), calculated from wave reanalysis, differed slightly from the
climatic field [32]; the anomaly of wave height near the west coast of Novaya Zemlya was near zero
(Figure 2b). Therefore, wave reanalysis here was considered as a background (large-scale) state of the
wave field.

Atmosphere 2020, 11, x FOR PEER REVIEW 4 of 25 

 

average, the accuracy of altimeter wind speed compared with buoy measurements is 1.5 m s−1 [31]. 
For Altika, the RMSE of wind speed is 1.75 m s−1, with a bias of 0.25 m s−1 [27]. 

To evaluate the statistical characteristics, altimeter SWH and wind speed were interpolated onto 
the grid with a spacing of 20 km. Spatial-temporal average and maximum value were calculated inside 
each grid cell. The largest number of observations was in the southwestern part of the study area. Near 
the coast of Novaya Zemlya and in the north, the number of observations was much smaller, from 5 to 
50 in each cell (Figure 1a). At the same time, the number of days when satellite observations were 
available during bora was from 2 to 12 with a maximum in the north of the region (Figure 1b). 

2.3. Wave Reanalysis 

Wave reanalysis in the Barents Sea and North Atlantic was created on the basis of calculations of 
the Wave Watch III (WW3) wave model version 4.18 for the period 1979–2016 [32]. The calculations 
were performed using an unstructured grid. This grid consists of 16,792 nodes; the spatial resolution 
varies from ~15 km for the Barents Sea to ~50 km for the northern part of the Atlantic Ocean. The model 
output includes SWH, wave direction, mean period and wavelength; temporal resolution of the model 
output is 3 h. Wind forcing for wave modeling was obtained from the Climate Forecast System 
Reanalysis (CFSR) (1979–2010) with a spatial resolution of ~0.3° [33] and the Climate Forecast System 
version 2 reanalysis (2011–2017) with a spatial resolution of ~0.2° [34].  

Wave climate and storm activity in the Barents Sea was previously investigated using this wave 
reanalysis [32,35,36]. However, the spatial resolution of the wave model and atmospheric forcing was 
not sufficient to adequately reproduce orographic winds [9,37]. Figure 2 clearly demonstrates this: SWH 
composite during bora (Figure 2a), calculated from wave reanalysis, differed slightly from the climatic 
field [32]; the anomaly of wave height near the west coast of Novaya Zemlya was near zero (Figure 2b). 
Therefore, wave reanalysis here was considered as a background (large-scale) state of the wave field. 

 
Figure 2. Significant wave height (SWH) composite (m) during bora (a) and SWH anomaly (m)
(compared with climatology) during bora (b) according to wave reanalysis.



Atmosphere 2020, 11, 726 5 of 24

When creating the wave reanalysis, the following set of WW3 parameterizations was used: the ST1
scheme for the wave generation; the DIA (Discrete Interaction Approximation) parameterization for
nonlinear wave interactions; JONSWAP scheme for bottom friction; and IC0 scheme for sea ice (with ice
concentration more than 25%, the grid node is considered to be covered with ice, and the exponential
attenuation of wave energy corrected for ice concentration in this node is turned on [38]). The spectral
resolution of the model was 36 directions; the frequency range included 36 intervals (from 0.03 to
0.843 Hz). Integration time step for the full equation was 30 min, the time step for the functions of the
sources and sinks of wave energy was 30 s; the time step for transmitting energy over the spectrum
was 900 s.

2.4. High-Resolution Wave Modeling

2.4.1. Model Configuration

The sample length of satellite observations in the Novaya Zemlya region is rather small (Figure 1),
and the accuracy of altimeter data decreases near the coast [39]. To study sea waves during bora
in coastal areas in more detail, we additionally performed numerical wave simulation using the
WW3 model with atmospheric forcing from the WRF-ARW (Weather Research and Forecasting—
Advanced Research WRF) model for two cases of strong Novaya Zemlya bora on 7–15 January 2006
(hereafter, the “2006 episode”) and 9–12 February 2009 (hereafter, the “2009 episode”). In these episodes,
bora occurred both in Malye Karmakuli and in the northern part of the archipelago, reaching a hurricane
force (36 m s−1 in the 2006 episode and 40 m s−1 in the 2009 episode). A comparatively large number
of satellite observations inside the WRF modeling domain (Figure 3a) were collected during these
episodes (246 observations in 2006 and 212 in 2009).

Sea waves were simulated using the WW3 model on an unstructured grid including the Barents
and Kara Seas (Figure 3b) as well as the entire northern part of the Atlantic Ocean to take into account
the incoming swell (Figure 3c). The spatial resolution in the coastal area around Novaya Zemlya
(Figure 3b) was about 1 km. The set of parameterizations coincides with that used to create the wave
reanalysis (Section 2.3).

A combination of wind from the Climate Forecast System Reanalysis (CFSR reanalysis)
(in the Barents Sea excluding the WRF-ARW domain region, shown in Figure 3a) and the WRF-ARW
simulation (in the Novaya Zemlya region) was used as atmospheric forcing for the wave model.
Wind speed from the reanalysis and the model was interpolated to the unstructured grid of the wave
model. Interpolation was performed using the four nearest nodes (around the node of the wave model
grid) of the WRF model grid inside WRF model domain (Figure 3a), or using the four nearest nodes of
CFSR reanalysis grid outside the WRF model domain.

Polar WRF-ARW model version 3.4.1 was used to simulate the Novaya Zemlya bora.
The WRF-ARW modeling area (Figure 3a) included 249 points in longitude, 269 points in latitude,
and 50 vertical levels. The spatial resolution was 3 km; vertical grid spacing monotonically increased
with height. The atmospheric model was initialized using the Arctic System Reanalysis version 2
(ASR v.2) [40] with a spatial resolution of 15 km and a temporal resolution of three hours. The model
was nudged toward wind, temperature, and humidity observations at the Malye Karmakuly station.
Observational nudging is a type of four-dimensional data assimilation and is based on the addition of
innovations obtained from the observed values to the model tendency equation. Observational nudging
was performed throughout the whole model simulation; the time window for every observation was
set at 3 h. The radius of influence of observations was set to 30 km (i.e., 10 model nodes) from the
observation point. Nudging coefficients for all variables were set at the default value of 6 × 10−4.
Sea surface temperature was updated every six hours from ASR v.2. The following set of
parameterizations was used: the Yonsei University scheme for the boundary layer, the Noah
model for the land surface, the RRTMG scheme for radiation fluxes, and the Thompson scheme
for cloud microphysics.
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domain (a) and WW3 (Wave Watch III) domain (b,c) (the area around Novaya Zemlya is shown in more
detail in (b)). Points A and B in (b) show the grid nodes in which the wave spectra were analyzed.

The following parameters were analyzed using the simulation data: wind speed and direction at
10 m above ground level (AGL); significant wave height; frequency-direction wave power spectra at
points A and B (40 km from the coast) (Figure 3b) as well as the wave steepness. The latter was calculated
using the formula introduced by Buckley [41] and used by the National Data Buoy Center [42]:

S = Hs/ exp
(
−3.3 ln

(
fp
))

, (1)

where fp is the peak frequency, and Hs is the significant wave height. Waves are considered steep when
S > 0.002 and very steep when S > 0.004.
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To verify the simulation results, model values of wind speed and wave height were compared
with altimetry observations closest to the model grid nodes. In this case, only those observations were
used that were taken at points closer than 15 km to the grid node. As shown in [43], such a collocation
window between satellite altimeters and other data gives the most accurate results. The wind speed
observations at Malye Karmakuly station were compared with the modeled wind speed at the grid
node closest to the station.

2.4.2. Experiments with Different Wind Input Parameterizations

Three series of simulations were performed to study the effect of wind input parametrizations on
the results of sea wave simulation during bora. All other parameterizations in these experiments were
set to be identical (see Section 2.4.1).

In the first control experiment (hereafter-ST1), the WAM3 wind input parameterization was used
with all the “default” parameters. The dependence of the aerodynamic drag coefficient CD on wind
speed at 10 m AGL U10 can be calculated as follows [44]:

CD(U10) = 0.001(0.8 + 0.65U10) (2)

However, in the coastal zone and during stormy winds, the dependence of the drag coefficient on
wind speed differs from the standard one [45]. Fetch-limited waves are characterized by more intense
wind pumping and stronger non-linearity than is the case in the standard parameterization ST1, which is
configured for modeling in the open sea. Therefore, in the second experiment (hereafter-ST1_mod)
using the same wind input parameterization, the aerodynamic drag coefficient was changed in
accordance with the dependence obtained from field data at Gorky Reservoir [46]:

CD(U10) = 0.0019U−1
10 + 0.0004 + 0.000067U10 (3)

Comparison with the measurements at Gorky Reservoir showed that the energy transfer over the
wave spectrum in the model was too slow, resulting in a less steep waves than those observed [47].
It is the nonlinear four-wave interactions parametrization DIA that determines the rate of the
energy transfer over the wave spectrum. Therefore, some parameters in this parametrization were
also changed in the ST1_mod experiment. Parameter λ, which determines the difference in the
frequencies of interacting harmonics, was set at 0.29 (instead of the “default” 0.25), while parameter C,
which determines the contribution of nonlinear four wave interactions to the total spectrum, was set at
3.8 × 107 (instead of 2.78 × 107) [48]. Simulations with the modified coefficients most closely reproduce
the observed sea waves at Gorky Reservoir.

In the third experiment (hereafter, ST6), the modern parameterization of wind input ST6 was
used [49,50], which was also tested in storm conditions of the North Sea [51]. The parameterization of
the drag coefficient in this model has the curvature necessary for hurricane wind simulation:

CD(U10) = 10−4
(
8.058 + 0.967U10 − 0.016U10

2
)

(4)

The corresponding parameters of the nonlinear interactions scheme DIA in ST6 parametrization
were: λ = 0.25 and C = 3 × 107. Accounting for the short fetches in the ST6 parametrization is absent
in the current version of the WW3 model, however, it can be expected in the future versions of the
model [52].

A comparison of the aerodynamic drag parameterizations in the wind input parametrizations
used is shown in Figure 4. It can be expected that the use of different parameterizations of CD(U10)

will considerably affect the wave growth rate.
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3. Results

3.1. Statistics of Sea Waves during Bora

Figure 5 shows the statistics of SWH during bora according to the altimeter data interpolated on a
20-km grid according to the method described in Section 2.2. According to the altimeter data, the SWH
off the Novaya Zemlya coast did not exceed 2–3 m (Figure 5a) on average, which is significantly higher
than the climatic value in this area [32]. The SWH anomaly (Figure 5b), calculated as altimeter data
«minus» wave reanalysis, was generally low (an average of 0.11 m over the studied region). Its spatial
distribution is rather chaotic (as is also the case with other statistical wave characteristics, derived from
altimeter data), which is most likely due to the short sample length. However, the prevalence of a
positive anomaly (up to 0.75 m) is evident off the north coast of Novaya Zemlya, at a distance of up to
150 km from the coast. In the open sea, a slight positive anomaly (up to 0.5 m) can also be observed in
individual cells.

The maximum SWH (within 20-km cells) near the archipelago reached 6–7 m (Figure 5c).
Frequency of waves higher than 6 m was also calculated within each 20-km cell and is shown in
Figure 5d. A more detailed analysis of cases where high waves were observed showed that such waves
were mainly associated with large-scale amplification of the wind, primarily in the southern direction
(when storm cyclones passes the study area). Waves of 6 m height or more were observed closest to
the coast off the Matochkin Shar Strait and the northern part of the archipelago.

Figure 6 shows all of the altimeter data (5352 in total) during bora near the western coast of Novaya
Zemlya, at a distance of less than 100 km from the coast. The 100 km spatial scale is characteristic for
orographic winds (gap winds and bora) on the lee side of the archipelago [9,11], and one can expect to
find the wave field response on this scale. Anomalies of SWH associated with bora downstream of
the Northern Island of the archipelago were observed at the same distance from the coast (Figure 5b).
During bora, the SWH off the coast exceeded 6 m only twice, exceeded 5 m five times, and exceeded
4 m 18 times. Moreover, waves higher than 4 m were observed at a distance of more than 40 km from
the coast, and those higher than 5 m, at a distance of more than 60 km. Such a relatively small frequency
of high waves is due to a short fetch and a rapid decrease in velocity of gap winds, and especially bora
downstream from the coast.

Waves of 5–6 m height are often observed in the Barents Sea, being usually associated with western
storms [32]. The maximum wave height for the studied region was 9–10 m according to the wave



Atmosphere 2020, 11, 726 9 of 24

reanalysis, which was significantly higher than that during bora. Thus, the altimeter observations
showed low repeatability of high waves potentially dangerous for vessels during bora.

3.2. Case Studies: Two Bora Episodes

This section discusses the results of high-resolution simulations of extreme bora episodes on
7–15 January 2006 and 9–12 February 2009 from the control experiment (ST1, see Section 2.3).

A series of storm cyclones passed through the Barents Sea in the period 7–15 January 2006; sea-level
pressure in the center of the cyclones reached 955 hPa. The Novaya Zemlya region was also influenced
by storm cyclones and atmospheric fronts for almost the entire episode. Mean pressure gradient was
directed from west to east (Figure 7a), resulting in southerly winds over the sea. According to the
altimeter data, the wind speed in the northwest of the study area reached 25 m s−1, and the SWH
was 9 m.Atmosphere 2020, 11, x FOR PEER REVIEW 9 of 25 
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In the period 9–12 February 2009, the weather over the Barents Sea was determined by one vast
cyclone with its center located between Svalbard and the Scandinavian Peninsula (Figure 7b). Sea-level
pressure pattern was close to the mean pressure composite during high-speed southeasterly winds
over the Barents Sea [10]. An east–southeast wind prevailed over Novaya Zemlya and the eastern
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part of the sea. According to altimeter data available for 11–12 February, the wind reached 18 m s−1,
and the SWH in the western part of the study area was 5.5 m.

3.2.1. Model Verification

Simulated wave heights and wind speeds were verified against altimeter data (Figure 8).
The average bias (model “minus” observations) of wind speed was −1.5 m s−1 in the 2006 episode
and −1.1 m s−1 in the 2009 episode (i.e., within the average accuracy of altimeter measurements [31]);
correlation coefficient was 0.9 in both episodes. At Malye Karmakuly station, the correlation between
the model and observed wind speeds was very high, 0.95, due to observational nudging. However,
the bias of wind speed at the station was much higher than that above the sea (when compared with
altimeter data), which is due to a more complex mesoscale and micro-scale structure of the wind field
near the mountains and a higher wind speed.Atmosphere 2020, 11, x FOR PEER REVIEW 12 of 25 
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Figure 8. Scatter diagrams of SWH (a,b) and wind speed (c,d) according to the altimeter data (on x-axis)
and modeling results (on y-axis) from the control experiment for the episodes in 2006 (a,c) and 2009 (b,d).
The linear regression (solid line) and its equation, correlation coefficient (R), and RMSE of the linear fit
are also shown.

In the simulated episodes, bora-caused waves developed against the background of the preexisting
swell, which was formed under the influence of cyclones moving over the Barents Sea. In such context
(the development of wind waves on the background of swell), the error in wave height simulations
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usually increases [53]. However, even under these conditions, the quality of wave modeling in our
case was rather high. The average bias of SWH was −0.2 m in the 2006 episode and 0.1 m in the 2009
episode; the correlation coefficient was 0.9 in the 2006 episode and 0.85 in the 2009 episode.

3.2.2. Bora and Sea Wave Evolution during the Episodes

In the 2006 episode, wind speed and SWH were high due to the passage of storm cyclones.
At the beginning of the 2006 episode, bora was observed only in the north of the Northern Island,
while it reached culmination and was clearly observed on the entire western coast of Novaya Zemlya
on 12–13 January. Bora-caused waves (defined on the frequency-direction spectra as waves coming
from the coast) downstream from the northern part of the archipelago were observed throughout the
episode, with a small fraction of swell (with a characteristic frequency of about 0.1 Hz) (Figure 9a,c).
Downstream from the central part of the archipelago, a swell prevailed in the first half of the episode
(which accounted for the maximum spectral density, Figure 9b), and bora-caused waves prevailed
over the swell only on 12–13 January (Figure 9d). The maximum intensity of the spectral peak of
bora-caused waves was simulated in both regions on 12–13 January. In the second half of the episode,
bora-caused waves became longer, with the spectral peak shifting from 0.2 to 0.1–0.15 Hz. Near the
southern part of the archipelago, past ice was observed throughout the episode.

In the 2009 episode, a swell coming from the southwest (Figure 9e,f) caused by the background south
and southeast wind that prevailed at the beginning of the episode was also simulated. On February 11,
the background wind began to subside (causing the height of the waves in the open sea to decrease),
while at the same time, the bora intensified along the entire coast, creating local maximums of wave
height. Until February 12, there were two peaks of spectral density in the wave spectrum at both points
A and B, for waves from the southeast and from the southwest (Figure 9e,f). Waves from the southwest
with lower frequency can represent not only swell from the open sea, but also waves coming from
neighboring “jets”. The alternation of high-speed jets and wakes is characteristic of orographic winds
including that on Novaya Zemlya (see Figure 10). However, a swell from the open sea is still a more
significant source of southwestern waves, since these waves are absent in the spectrum at the end of
the episode (Figure 9g,h), while jets and wakes were observed throughout the episode. The intensity
of the bora-caused waves’ spectral peak reached its maximum.

In both episodes and at both points, the spectral peak of the bora-caused waves formed rather fast
and clearly appeared at the end of the first day of the experiment.

3.2.3. Features of Bora-Caused Waves

When looking at the sea wave features during bora, it is important to determine which waves are
caused directly by bora. In addition to the analysis based on frequency-direction wave spectra, the effect
of bora on sea waves can also be determined on the basis of the wave height anomaly. The average wave
height anomaly was calculated as the wave height difference between the high-resolution simulation
and wave reanalysis data (for each high-resolution model grid node the closest wave reanalysis grid
node was found) and is shown in Figure 11 for both episodes. In the 2006 episode, the influence of
bora on the wave field (i.e., a positive anomaly in wave height) off the southern and central parts of
the archipelago propagated significantly less (approximately 100 km from the coast) than in the 2009
episode, where the absolute values of wave height were less. In the 2009 episode, the presence of bora
led to a wave height increase at a distance of more than 200 km from the coast. This means that bora
affects sea waves not only in the area of direct wind forcing, but also at a considerable distance from
it. The anomaly map shows that in the 2006 episode the high waves in the west of the study area
were caused solely by the background (large-scale) wind. Influence of bora has led to a decrease in
the wave height in this region compared to the wave reanalysis. This is due to the weakening of the
background southeast wind over the open sea when the Novaya Zemlya topography is well resolved
in the high-resolution experiment. Downstream from the northern part of the archipelago, bora led to
an increase in the wave height at a great distance, up to the ice edge. Obviously, the greatest average
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anomaly was simulated in coastal regions; the mean anomaly was up to 2.5 m while in some instances,
it reached 3.3 m. Thus, the wave height anomaly during bora in the simulated episodes was several
times higher than the average anomaly determined on the basis of the altimeter data (Section 3.1).
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Now, we consider the features of sea waves in those regions where the wave height anomaly is
positive (i.e., in the region of bora influence).

Figure 10 shows the times when the bora reached its culmination and sea waves near the west
coast were largely influenced by bora, which was proven by the wave spectra (Figure 9c,d,g,h).

Local SWH maxima were more pronounced in the 2009 episode (although they also appeared in the
2006 episode): three elongated areas with a SWH of 3–4 m (in 2009 episode) and 4–5 m (in 2006 episode)
downstream of the southern and central parts of the archipelago and less intense local maxima with a
height of up to 3.5 m (2009 episode) and up to 4 m (2006 episode) downstream of the northern part of
the archipelago (Figure 10c,d). In the 2009 episode, SWH up to 3 m was noted at a distance of 30 km
from the coast and those up to 4 m, at a distance of about 80–90 km from the coast downstream from
the central part of the archipelago; the SWH reached a maximum at a distance of 40–50 km from the
coast in the north of the archipelago. In contrast to the 2009 episode, SWH continuously increased
with distance from the coast in the 2006 episode. The fastest wave growth occurred downstream
from Krestovaya Bay (see Figure 3a), one of the most deep-cut fjords in Novaya Zemlya. In this area,
a strong gap flow propagates up to 200 km from the coast (Figure 10a,b), which is consistent with the
estimates made by Ivanov [20].

SWH in the open sea is significantly lower downstream from the northern part of the archipelago
than that downstream from the southern and central parts, particularly in the 2009 episode (Figure 10c,d).
The jets of gap flows there had a more local character, and the bora itself almost failed to extend
from the foot of the mountain ridge. This is due to the peculiarities of the flow over the ridge:
the flow non-linearity also increased with the increase in topography height from the south to north
(see Figure 3a). Nonlinearity of flow over obstacle is characterized by the Froude number Fr = U/Nh
(where U and N are the wind speed and Brunt-Vaisala frequency in the incoming flow, respectively;
h is the mountain ridge height), in other words, by the ratio between incoming flow and topography
characteristics. The highly nonlinear flow regime (with a small Froude number) is characterized by
blocking (stagnation) of the flow on the windward side of the mountains (clearly seen on Figure 10a,b)
and the occurrence of the so-called hydraulic jump when the wind speed on the lee side decreases
sharply [19]. Nonlinear flow is more typical for the 2009 episode, when the background wind speed
was lower (and therefore the Froude number was smaller) than in the 2006 episode, which led to a
stronger blocking of the flow on the windward side and a sharper velocity decrease on the lee side of
Novaya Zemlya (Figure 10b).

In simplified one-dimensional and stationary approaches, the wave height during offshore wind
is determined only by the fetch length (so-called fetch law) [15,54,55]. In this case, the dimensionless
wave height Ĥ = gHs/U2 and the dimensionless fetch F̂ = gF/U2 (where F is fetch length) are related
by dependencies obtained from observations, for example, in [15]. Altimeter measurements of SWH
off the coast (up to 100 km from the coast) downstream from the northern part of Novaya Zemlya in
the 2009 episode allowed us to calculate Ĥ and F̂ using the average wind speed along the fetch from
the simulation results (similar to [54]). Indeed, most of the calculated points in Figure 12 lie between
two empirical curves (Equation (2) and Equation (4) from [15]), which means that the development of
waves during bora is mostly due to the empirical fetch laws obtained in other regions and for other
conditions. However, as for other orographic winds, characterized by a combination of jets and wakes,
the problem ceases to be one-dimensional. This can be seen in the example of two points in Figure 12,
which stand out of two empirical curves. Altimeter observations at these two points were carried out at
the boundary between the jet and wake. At this time and in previous periods, sea waves propagate not
only from the coast, but also from the south, mainly from other jets situated in the central part of the
archipelago. This wave behavior is described in [21]: with a combination of jets and wakes between
them, waves in wakes propagate from different directions, (i.e., from neighboring jets). Therefore,
the real fetch of the waves is much higher than that estimated from the distance to the coast.
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in the central and northern parts of the archipelago. In the 2009 episode, steep waves were also 
observed downstream from the Malye Karmakuly station. Local maxima of wave steepness coincided 
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3.3. Impact of Wind Input Parametrizations on Modeling Results 

Figure 12. Scatter diagram of nondimensional wave height and fetch, calculated from altimeter
data closer than 100 km from the coast using the simulated wind speed in the 2009 episode (circles).
Square shows the mean value. Curves show the empirical laws (dark-grey is Equation (2), light-grey is
Equation (4) from [15]).

Bora-caused waves in both episodes were characterized by a considerable steepness (Figure 13),
which reached its maximum near the coast, which is characteristic of strong winds and short fetches.
The greatest average wave steepness in both episodes was 0.045 and was observed in bays and fjords in
the central and northern parts of the archipelago. In the 2009 episode, steep waves were also observed
downstream from the Malye Karmakuly station. Local maxima of wave steepness coincided with areas
with high wind speed from 25 to 35 m s−1. The steepness approached the threshold of wave breaking,
which is usually estimated from 1/7 to 1/20 [56]. The Novaya Zemlya bora is known to be the cause
of poor visibility due to blizzards and spray [4]. The latter is most likely ejected into the atmosphere
during the wave breaking.
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3.3. Impact of Wind Input Parametrizations on Modeling Results

Figures 14 and 15 show the influence of various wind input parameterization on the results of wave
simulation. The experiment modified for short fetches (ST1_mod) and experiment ST6 reproduced
significantly higher SWH than the control experiment. SWH in both episodes reached 5–6 m right at
the coast in the central and northern parts of the archipelago (Figure 14). In contrast to the control
experiment, SWH gradually decreased from the coast further downstream. SWH in the open sea was
higher in the ST6 experiment than in other experiments, while SWH increased more locally, only near
the coast, in the ST1_mod experiment. Waves near the coast were formed mainly under the influence
of wind with the speed of 25 m s−1, which corresponded to the region of the intersection of CD(U10)

dependencies in the ST1_mod and ST6 experiments (see Figure 4). This explains the similarity of
the simulation results in the coastal zone. At the same time, higher SWH offshore, where the wind
weakened, in experiment ST6 can be explained by a higher CD (compared with experiment ST1_mod)
(Figure 4).
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Figure 14. Direction (arrows) and height (color) of significant waves at 12 UTC 13 January 2006 (a,c)
and 6 UTC 12 February 2009 (b,d) in experiments ST6 (a,b) and ST1_mod (c,d). White color indicates
sea ice.

The average wave steepness in the ST6 and ST1_mod experiments (Figure 15) slightly decreased
in comparison with the control experiment (Figure 13), especially in the open sea. This is due to a
decrease in the peak wave frequency in the ST6 and ST1_mod experiments both near the coast and
in the open sea (not shown). In turn, the decrease in the peak wave frequency was caused by the
faster development of waves in the ST6 and ST1_mod experiments, and due to nonlinear interactions,
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the spectral peak shifted faster to the low-frequency range. Consequently, the wavelength at the wave
spectral peak increased and the steepness decreased.Atmosphere 2020, 11, x FOR PEER REVIEW 19 of 25 
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Table 1 shows a comparison of the SWH between the altimeter data and experiments with various
wind input parameterizations. On average, the control experiment (ST1) was closer to the altimeter
observations than the ST1_mod and ST6 experiments, which was especially evident in the 2009 episode.
Model bias in the control experiment was almost an order of magnitude smaller than that in the ST6
experiment in the 2009 episode. However, a comparison was carried out at a distance of more than
20 km from the coast, where the effect of short fetches and the influence of bora were not as great as
near the coast.

Table 1. Statistics of significant wave height (SWH) modeling errors in different experiments comparing
with altimeter data in episodes 2006 and 2009

ST1 ST6 ST1_mod

2006
Bias, m −0.2 −0.22 −0.3

RMSE, m 0.78 0.81 0.86
Correlation coefficient 0.9 0.9 0.9

2009
Bias, m 0.1 0.73 0.39

RMSE, m 0.62 1.1 0.93
Correlation coefficient 0.85 0.7 0.65
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Figure 16 shows the spatial distribution of modeling errors (only the 2009 episode is shown).
The ST1_mod and ST6 experiments substantially overestimated the SWH compared to the altimeter
data and control experiment downstream of the northern part of the archipelago at a distance of
20–100 km from the coast, especially in the 2009 episode. Frequency-direction wave spectra showed
that bora-caused waves (i.e., coming from the coast) predominated in this region (point A, Figure 9).
Their height was substantially overestimated in the ST6 and ST1_mod experiments due to faster
wave growth. At the same time, there was a tendency to underestimate (stronger than in other
experiments) the SWH downstream from the central and southern parts of the archipelago in the
ST1_mod experiment.

Atmosphere 2020, 11, x FOR PEER REVIEW 20 of 25 

 

Correlation coefficient 0.9 0.9 0.9 
2009 

Bias, m 0.1 0.73 0.39 
RMSE, m 0.62 1.1 0.93 

Correlation coefficient 0.85 0.7 0.65 
 
Figure 16 shows the spatial distribution of modeling errors (only the 2009 episode is shown). 

The ST1_mod and ST6 experiments substantially overestimated the SWH compared to the altimeter 
data and control experiment downstream of the northern part of the archipelago at a distance of 20–
100 km from the coast, especially in the 2009 episode. Frequency-direction wave spectra showed that 
bora-caused waves (i.e., coming from the coast) predominated in this region (point A, Figure 9). Their 
height was substantially overestimated in the ST6 and ST1_mod experiments due to faster wave 
growth. At the same time, there was a tendency to underestimate (stronger than in other experiments) 
the SWH downstream from the central and southern parts of the archipelago in the ST1_mod 
experiment. 

 
Figure 16. SWH according to the altimeter data (a) and model SWH bias (model «minus» altimeter) 
in 2009 episode in experiments ST1 (b), ST6 (c), and ST1_mod (d). 
Figure 16. SWH according to the altimeter data (a) and model SWH bias (model «minus» altimeter)
in 2009 episode in experiments ST1 (b), ST6 (c), and ST1_mod (d).

4. Summary and Conclusions

An analysis of the Novaya Zemlya bora impact on sea waves was carried out for the first time using
all data sources available in the region: satellite altimeter data, wave reanalysis, and high-resolution
numerical simulation. The main conclusions are as follows.
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1. According to the satellite altimeter data, the average SWH during bora was higher than the
climatology of SWH, but the frequency of high waves at a distance of up to 100 km from the coast
was very small; waves with SWH > 6 m were recorded only twice in 5352 observations. Such a low
frequency of high waves is associated with short fetches: areas of strong wind during bora and gap
winds usually do not propagate far from the coast, although the influence of individual jets can be
traced up to 200 km from the coast.

Numerical experiments with the WW3 and WRF-ARW models confirmed the altimeter-data-based
conclusions on the low frequency of high waves during bora. SWH caused by bora did not exceed 5 m,
even for prolonged and strong wind forcing (wind speed > 30 m s−1) due to limited fetch. Nevertheless,
a SWH of 3–4 m was noted at a relatively short distance from the coast (which was confirmed by
the altimeter data, see Figure 6). In such a case, the maximum wave height, which can be roughly
estimated as 2Hs [56], is 6–8 m, which poses hazards to navigation near the coasts.

2. According to the altimeter data, the SWH anomaly related to bora and gap winds were small
on average (up to 0.75 m downstream from the northern part of the archipelago). However, numerical
modeling revealed a SWH anomaly of 2–3 m near the coast in some cases of severe bora, which is up
to 100% of SWH near the coast. This magnitude of the anomaly significantly exceeds the order of
magnitude of RMSE of the wave height forecasts, usually estimated as 10−1 m (e.g., [57,58]). When the
wave field is not strongly influenced by the large-scale circulation (e.g., the passage of a series of storm
cyclones), the influence of bora extends over a large distance from the coast (more than 200 km), as in
the 2009 episode.

In addition to errors in the wave forecast, neglecting the bora can lead to erroneous forecasting
of other processes associated with waves such as mixing of the upper layer of the ocean and
atmosphere–ocean turbulent heat transfer. Sea waves affect the turbulent fluxes through the roughness
parameter z0. Using the well-known parametrizations of z0, with sea waves taken into account, one can
approximately estimate an error in determining the roughness parameter caused by underestimating
the wave height during bora. For example, the difference in roughness parameter for different
wave heights (all other conditions being equal) in the widely used parameterization of Taylor and
Yelland [59] can be written as ∆z0 =

(
a/Lb

)(
Hb+1

s1 −Hb+1
s2

)
, where Hs1 is the wave height according to

high-resolution modeling (when bora is taken into account) and Hs2 is the wave height according
to wave reanalysis (without bora), L is the wavelength, a = 1200, b = 4.5. The magnitude of ∆z0

calculated in the area influenced by bora is on average about 10−3–10−2 m in both episodes, which is
comparable with the magnitude of z0 above the sea in moderate to strong winds (e.g., [60]). Due to the
high frequency and intensity of the Novaya Zemlya bora [2], its effect on the sea waves and related
processes can lead to appreciable climate response.

Accurate accounting for the heat and momentum exchange on the surface is important not only for
climate tasks, but also for weather forecasting. The resolution of modern numerical weather prediction
models (~10 km) still does not allow us to correctly reproduce the spatial structure of bora winds
and associated waves, and the extreme values of wind speed (and therefore wave height) are usually
underestimated by models [37,61]. When averaging over a large space or long time period, differences
in wind speed, heat, and momentum fluxes between high- and low-resolution models are likely to be
small [37]. However, it is still unknown how the incorrect spatial distribution and underestimation of
the maximum wind speed will affect the forecast quality including that in remote regions. The problem
of the influence of an unresolved momentum due to bora wind and waves on the forecast skill,
in contrast to the more studied (and parameterized) influence of other orographic effects such as
flow blocking, gravity waves, and orographic turbulence [62,63], has not been properly investigated.
More or less realistic energy exchange between the atmosphere, ocean, and sea waves during bora
could be obtained using the coupled modeling, which should be the next step in the investigations into
the Novaya Zemlya bora and other orographic winds.

3. Some features of the bora-caused waves were investigated on the basis of simulations of two
episodes of severe bora. An increase in SWH under the influence of bora and gap winds can be



Atmosphere 2020, 11, 726 21 of 24

traced at a great distance from the coast downstream from the central part of the archipelago, cut up
by numerous glacial valleys and passes. The most rapid wave growth is also noted in this region,
where intense and far-spreading gap winds blow. The influence of bora and gap winds does not extend
so far downstream of the northern part of the archipelago, where the height of the mountain ridges is
greater. There, the influence of bora on the wave field is more local, and the maximum wave height is
noted to be closer to the coast.

Using simulation results and altimeter data, we showed that the standard fetch laws do not
strictly apply during bora due to the peculiarities (strong spatial heterogeneity) of wind forcing.
The combination of wind waves coming from the shore, caused by bora, and swell from the open
sea and from the neighboring jets should lead to significant three-dimensionality of the waves.
Confused state of the sea arising in such a case increases risks to vessel stability [64]. The average wave
steepness during bora is large and, according to the control experiment, reached 0.045 (i.e., an order of
magnitude higher than the threshold value for very steep waves [42]. Thus, bora-caused waves pose a
hazard for vessels not only due to their height, but also due to confusion, steepness, and short periods
of the waves, which are especially unfavorable factors for small crafts [64].

The wave field during bora soon adapts to wind forcing. The correlation coefficient of SWH
and wind speed in coastal areas did not exceed 0.9 (not shown), and the spectral density peak of
bora-caused waves already appeared on the spectrum at a distance of 40 km from the coast on the first
day of the numerical experiments.

4. As expected, the height of the waves in the experiment, taking into account short fetches,
increased in comparison with the control experiment. However, a comparison with the satellite
altimeter data showed that at distances of at least 20 km from the coast or more, where observational
data were available for simulated episodes, experiments with the ST1_mod and ST6 parameterizations
were more biased than the control experiment (with ST1 parameterization). However, the question of
the suitability of different wind input parametrizations directly at the shore, where the influence of
bora is greatest, remains open.
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