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Abstract.
BACKGROUND: The necessity of setting up high-resolution models is essential to timely forecast dangerous meteorological
phenomena.
OBJECTIVE: This study presents a verification of the numerical Weather Research and Forecasting non-hydrostatic Mesoscale
Model (WRF NMM) for weather prediction using the High-Performance Computing (HPC) cluster over the complex relief of
Montenegro.
METHODS: Verification was performed comparing WRF NMM predicted values and measured values for temperature, wind
and precipitation for six Montenegrin weather stations in a five-year period using statistical parameters. The difficult task of
adjusting the model over the complex Montenegrin terrain is caused by a rapid altitude change in in the coastal area, numerous
karst fields, basins, river valleys and canyons, large areas of artificial lakes on a relatively small terrain.
RESULTS: Based on the obtained verification results, the results of the model vary during time of day, the season of the year,
the altitude of the station for which the model results were verified, as well as the surrounding relief for them. The results show
the best performance in the central region and show deviations for some metrological measures in some periods of the year.
CONCLUSION: This study can give recommendations on how to adapt a numerical model to a real situation in order to produce
better weather forecast for the public.
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1. Introduction

The atmosphere represents deterministic chaos, in which various processes in space and time in different
resolutions interact both with each other and with boundary surfaces, i.e. oceans and land of various
physical characteristics. The behavior of the atmosphere with various processes predominantly influenced
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by the activity of the Sun, the rotation of the Earth, the state of the soil, etc. it is very difficult to explain
and forecast.

The invention of the computer in the fifties of the last century and the enabling of a large number
of calculation operations in a short period of time enabled numerical forecasting to begin a new era of
meteorological science and practice. The first successful numerical weather forecast was calculated on
ENIAC, the first digital computer, with a team of meteorologists headed by the American meteorologist
Jule Charney [1]. Unsolvable nonlinear differential equations became possible to approximate with a series
of numerical methods. Larger regional models, which were very expensive in terms of necessary computer
performance and time in previous decades, became available in last decade using modern distributed
computing resources and applicable to larger areas with larger horizontal and vertical resolution. A
big challenge for weather forecast modeling is the adjustment of steps in time and space, the choice
of parameterization schemes of regional numerical models, in order to obtain a more accurate forecast
for the area of interest. With a coarse resolution on a complex terrain such as Montenegro, it is hard to
monitor mesoscale and microscale processes such as hail, summer convection accompanied by showers,
locally strong gusts of wind, inversion that causes an increase in pollution in urban settlements, as well as
to precisely determine the area affected by precipitation and its amount, intensity, start and end time. On
the other hand, high-resolution models under unstable conditions can calculate unrealistically high values
of pressure gradients, local wind gusts, and precipitation amounts, but they certainly increase the chance
of successful forecasting of dangerous meso- and micro-scale weather processes.

The Weather Research and Forecasting (WRF) model [2,3] has been used in arid regions for various
forecasting and verification purposes [4–8] and process studies [9–13]. The Weather Research and
Forecasting non-hydrostatic Mesoscale Model (WRF NMM) is a fully compressible model for mesoscale
weather systems, non-hydrostatic but with a hydrostatic option [14–16]. The model uses a hybrid sigma
coordinate, while the distribution of calculation points is on Araka’s E-grid.

The complex terrain on which Montenegro is located represents a great challenge for successful
meso-scale weather forecasting. Meteorological stations from which data were collected for WRF NMM
verification are located in various geographical areas with different relief features, so the verification
results will objectively show for which type of relief and geographical coordinates, the model shows more
and for which less successful forecasts of tendencies of basic meteorological quantities.

In the following chapters, by comparing the observed and modeled values for each of the stations,
objective evaluations of the forecast will be determined via mean difference (MD), mean absolute
difference (MAD) and root mean square difference (RMSD), at the level of months and time of day using
dataset obtained during five years. Contingency tables will be used to verify the precipitation field [17].
Based on the obtained results, the performance of the WRF NMM model over the complex terrain of
Montenegro, which is used by the National Meteorological Service for operational purposes, will be
discussed.

Used numerical models were verified over the Mediterranean [18,19], but also over the complex terrains
of the UAE [20] and mountainous regions [21]. This paper is the first research on the complex terrain of
Montenegro.

2. Materials and methods

The subject of the research are meteorological measuring stations in the cities of Bar, Žabljak, Nikšić,
Pljevlja, as well as the Golubovci (near Podgorica) and Tivat airports (Fig. 1). The data sources used in
this analysys are eight-hour data reports, so-called sinop reports. By decoding, filtering and sorting them,
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Table 1
Synoptic stations. Name with latitude, longitude, WMO number, model and true elevation

Station Latitude Longitude WMO number Model elevation Elevation
Bar 42.100 19.083 13461 4 6
Golubovci (LYPG) 42.359 19.252 13462 54 33
Niksic 42.766 18.952 13459 651 647
Pljevlja 43.350 19.350 13363 846 784
Tivat (LYTV) 42.404 18.723 13457 73 5
Zabljak 43.150 19.120 13361 1423 1450

Fig. 1. The domain of the WRF NMM model (red square) and the geographical location of the stations on the map of Montenegro.

a database of eight-hour meteorological quantities was created, which will be used during verification for
each of the stations.

Table 1 presents the measuring stations, sources of observation, their coordinates, WMO number,
altitude in the model and actual altitude. The preliminary cause of the error in the modelled values lies in
the fact that the actual altitude is different from that used by the numerical model as orography.

After obtaining prognostic meteorological parameters for 24 hours in advance, a database of hourly
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modelled and eight-hour temperature values at a height of 2 m and wind speed at a height of 10 m was
created, while precipitation was summarized in twelve-hour intervals, i.e. from 6 a.m. to 6 p.m. and from
6 p.m. until 6 a.m. the next day. The time frame on which data was collected for further processing is
5 years, i.e. from 2017 to 2021.

In our case, the time step of the numerical model is 3 s and in space dx = dy = 0.01◦. The Eta (Ferrier)
microphysical scheme [22], GFDL radiative [23] and Betts-Miller-Janjic convection scheme were used.
Sixty hybrid sigma levels were considered on the vertical scale from the surface to 50 hPa. Input boundary
conditions is from ECMWF high-deterministic global model [24].

The differences representing the objective statistical evaluations of the forecast are calculated according
to the formulas:

1. Mean Difference (MD) or bias is defined as the sum of the difference between forecasted (F) and
observed (O) values divided by the total number of samples.

MD =
1

N

N∑
i=1

(Oi − Fi) = Ō − F̄

2. Mean Absolute Difference (MAD) is the ratio between the sum of the absolute value of the difference
between observations (O) and forecasts (F) and the total number of samples.

MAD =
1

N

N∑
i=1

|Oi − Fi|

3. The Root Mean Squared Difference (RMSD) is more sensitive to larger errors than the MAD.

RMSD =

√√√√ 1

N

N∑
i=1

(Oi − Fi)2

Whether the mean difference is greater or less than zero depends on whether the model underestimates
or overestimates the observations. RMSD gives us information about the intensity of the error. The
forecast has better performance if the RMSD value is smaller and the MD is close to zero. The correlation
coefficient is another measure of forecast accuracy and reflects the linear relationship between forecasts
and observations.

The binary contingency table consists of the following matrix:

Observed
Observed no Observed yes

Forecasted Forecasted no fp fn
Forecasted yes tn tp

tp (true positive) or hits are those events that were forecasted and actually occurred;
tn (true negative) or correct negatives are the events that were not forecasted and did not occur;
fp (false positive) or false alarms are those events that were forecasted but not occur;
fn (false negative) or misses are the events occurred but not forecasted.

Accuracy, or fraction correct, is the ratio between the sum of hits and correct negatives and the N_total.
It can assume values ranging from 0 to 1 (best value). Accuracy gives the fraction of the overall correct
forecasts.

Accuracy =
tp + tn

N_total
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Bias score, also called frequency bias, measures the ratio of the frequency of forecasts to the frequency
of observations. Can assume values over zero (perfect score is 1). If BIAS < 1 the system has a tendency
of under forecast, the opposite if BIAS > 1.

BIAS =
tp + tn

tp + fn

3. Results and discussion

The mean, mean absolute and root mean square difference for the temperature are shown in Fig. 2.
Regular daily trends of the mean difference for cities in the southern (Bar and Tivat) and northern

(Žabljak and Pljevlja) regions are noticeable. Early morning and evening hours are characterized by a
negative difference and midday by a positive difference, which will be noticeable and explained in more
detail below (Fig. 4). The intensity of the error, represented by RMSD, is the highest in the coastal region
and it is 5.4◦C for Bar at 13 UTC and 5.2◦C for Tivat at 3 UTC. Pljevlja and Žabljak have the highest
RMSD values of 4.1◦C and 3.5◦C at 1 UTC and 4 UTC, respectively.

The central region (Nikšić and Golubovci) do not have such a clearly expressed amplitude of the mean
difference. For both stations, the RMSD values are higher in the evening and early morning hours than in
the midday hours. In terms of intensity, the maximums are lower than other stations, and amount to 2.9◦C
at 6 and 18 UTC for Nikšić and 2.6◦C at 1 UTC for Golubovci. Based on the above, we can conclude
from the RMSD value that the model shows the best performance when forecasting hourly temperature
values for 24 hours in advance, for stations in the central region, i.e. Golubovci and Nikšić and the worst
for coastal Bar and Tivat.

The seasonal course of the statistical quantitative verification scores is presented in Fig. 2. The RMSD
for Bar has a regular seasonal course with a maximum in the month of June (equal to 4.5◦C). For Tivat,
the second coastal station, the maximum value (visible as a peak) was reached in August and is 4.5◦C.

The most interesting RMSD difference is noticeable for Žabljak. The highest RMSD value for the
mentioned station was reached in April and is 4.9◦C. The reason for the difference lies in the fact that
Žabljak, as a mountain village, retains snow until late spring. The increased heating of the ground due to
the longer duration of the day in early spring, makes the model noticeably wrong in temperature, with the
inability to wash away the morning sudden heating of the ground layer of air, due to reflection from the
ice and snow-white surface. Opposing to that situation when the model is cold, Pljevlja (town at the north
of Montenegro) reached difference (maximum) in the October and is 3.9◦C. Based on the MD value,
which is negative, we conclude that the model is warm, i.e. it forecasts values higher than eight hours.
The reason lies in the fact that incoming solar radiation decreases due to the shortening of the day, it leads
to greater radiation and cooling of the surface and thus the ground layer of air, which will flow down the
slopes surrounding Pljevlja into the Pljevlja basin, thereby further reducing the value of the observed air
speed.

Nikšić and Golubovci has higher RMSD values in the winter and lower values in the summer months.
By the intensity of the maximum, which is 2.5◦C for Golubovci in January, and 2.7◦C in Nikšić in April,
the better performance of the model for the mentioned region is noticeable again.

Figure 4 shows us visually how the model behaves during periods of day (left figure) and during months
(right figure), based on the MD value. The blue shade indicates how cold the model is (i.e. how much the
model underestimates), and the red how warm the model is (i.e. overestimates).

The largest positive mean difference at the daily level, typical for Bar, is at noon. Also at the same time
of day for Tivat, with a noticeable stronger shade of red in the early morning and evening hours, which
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indicates a great contrast, i.e. poor performance. For Nikšić and Golubovci, the lighter shade of both
colours indicates better performance of the model.

In Fig. 4 on the right, there is a noticeable underestimation of the model for all months for the Bar
station, a stronger blue shade for Žabljak in April and a stronger reddish shade in Pljevlja in October and
November.

Figure 5 presents graphs in the form of points (scatterplot) for each of the cities with observed
temperature intensity on the h-axis and modeled on the u-axis.

The highest correlation coefficients with values of 0.97 and 0.96 were recorded for the station Golubovci
and Nikšić respectively. On the other hand, the lowest correlation coefficients are for Tivat and Bar stations,
with values of 0.89 and 0.9, respectively.

In Fig. 6 presents the values of the verification ratings, for the wind field, for each of the stations for
each of the hours during the day.

Southern stations in the coastal region (Tivat and Bar) have a regular daily course of the mean difference
with minimum values in the morning and evening and maximum in the midday hours. For the other
stations, with the exception of Pljevlja (before dawn and in the late evening hours), they have negative
mean difference values, i.e. the model overestimates the observed values.

The intensity of the error, expressed through the RMSD score, reaches its peak in the midday hours in
Golubovci and Pljevlja, while at the other stations, the peaks, i.e. the biggest model errors were recorded
in the early morning and evening hours.

In terms of intensity, the errors are noticeably larger for coastal stations and Žabljak. Thus, the RMSD
values are the highest for Bar, Žabljak and Tivat and amount to 5.49 ms−1, 4.75 ms−1 and 4.31 ms−1

respectively. The best performance, for the hourly wind forecast one day in advance, is shown by the
model for Golubovci, Pljevlja and Nikšić where the maximum RMSD values are 2.7 ms−1, 2.7 ms−1,
3.25 ms−1 respectively.

The seasonal trend of the model verification statistics for each of the observed stations is shown in
Fig. 7. With the exception of Bar from April to September, all other stations have a negative mean
difference, i.e. the model overestimates wind speeds in all months. Each of the stations, in the winter
months has the RMSD with maximum values. The best performance of the model, observed in relation
to the lowest intensity of maximum RMSD values, is for Pljevlja, Golubovci and Tivat and amounts to
2.9 ms−1, 3.55 ms−1, 4.51 ms−1 respectively. The model showed the worst performance for stations
Žabljak, Bar, Nikšić RMSD for Žabljak is 6.55 ms−1, for Bar 6 ms−1, for Nikšić 4.76 ms−1.

The maximum RMSD was reached for every city in February, except for Žabljak when it was reached
in December.

Precipitation in the synop dispatches is available at 6 and 18 UTC. The model forecasts the precipitation
in these intervals in order to bring them to the same reference plane for observation. Figure 8 presents
the contingency matrices. Zeros and ones indicate whether precipitation did not or did occur in the same
intervals, for the synopsis on the h-axis and the model on the u-axis. BS for all stations does not exceed
the value of 1, which means that the model underestimates precipitation.

Accuracies are 87.4%, 73.4%, 83%, 84.4%, 77.2%, 79%, for Bar, Tivat, Golubovci, Niksic, Pljevlja,
Zabljak respectively. It means that the best accuracy is for Bar and the lowest is for Tivat.

The BS values are 0.95, 0.92, 0.89, 0.87, 0.77, 0.74 for Bar, Golubovci, Žabljak, Tivat, Nikšić and
Pljevlja, respectively. Based on the above, we conclude that as far as the precipitation field is concerned,
the model shows the best performance for Bar, and the worst for Pljevlja.
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1536 A. Zečević et al. / Verification of temperature, wind and precipitation fields

Fi
g.

7.
V

ar
ia

tio
ns

of
(d

ar
k

bl
ue

)m
ea

n
di

ff
er

en
ce

,(
bl

ue
)m

ea
n

ab
so

lu
te

di
ff

er
en

ce
an

d
(l

ig
ht

bl
ue

)r
oo

tm
ea

n
sq

ua
re

di
ff

er
en

ce
(m

s−
1
)o

ft
he

N
M

M
W

R
F

m
od

el
fo

re
ca

st
ag

ai
ns

tw
in

d
on

th
e

10
m

ob
se

rv
at

io
ns

.
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4. Conclusion

The necessity of setting up high-resolution models is essential to timely forecast dangerous meteoro-
logical phenomena. The difficult task of adjusting the model over the complex Montenegrin terrain is
caused by a rapid altitude change in in the coastal area, numerous karst fields, basins, river valleys and
canyons, large areas of artificial lakes on a relatively small terrain.

Based on the obtained verification results, we conclude that for the basic meteorological parameters
of temperature, wind and precipitation, the performance of the model will depend on the time of day,
the season of the year, the altitude of the station for which the model results were verified, as well as the
surrounding relief for them.

For temperature, as one of the basic meteorological quantities and the most important quantity for
the public, the high resolution WRF NMM model, it was determined that the model shows the weakest
performance for Bar and Žabljak, while it is the most reliable for Golubovci. The most significant error
is for the month of April for Žabljak with a value of 4.9◦C. Based on the mean difference, the model is
usually cooler, i.e. it shows lower values than eight-hour values in the midday, while it is warmer for the
evening hours during the day.

The wind field is in all cases, if the mean difference is observed for the months of the year, except for
Bar from April to September, overestimated by the model. The intensity of the error is usually higher in
the winter months than in the rest of the year. Based on the intensity of errors based on hourly values
during the day and monthly values during the year, we conclude that the model better forecasts the wind
field for Golubovci compared to other stations, and one of the reasons lies in the fact that the surrounding
relief is homogeneous in a wider area for the mentioned station in relation to the others.

With the contingency matrices, the values in percentages of coincidence of precipitation detection
with the model and synop dispatch in two intervals at 6 and 18 UTC were determined, as well as the
percentages when there was no coincidence. Using the formula for BS, it was determined that for all
stations the model underestimates the precipitation values. The worst performances are for Pljevlja, and
the best for Bar.

Potential topics for further research are the large value of error when forecasting the temperature in
April for Žabljak, Pljevlja for October and September, as well as the consistently cold model for all
months of the year for Bar.

Improved computing performances allows us to run a number of numerical models with slightly
disturbed initial fields and different settings of physics and parameterization numerical model schemes,
obtaining the so-called ensemble of models, and the national hydro-meteorological services, which with
the help of a series of indices [25] would better forecast dangerous meteorological phenomena and the
service for emergency situations as well as the local population would be better prepared for potential
dangers.
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