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Ab stract—The study pres ents the new sys tem for op er a tional short-range nu mer i cal weather pre dic tion 
with the grid spac ing of 1 km for the Mos cow re gion that con sid ers the fea tures of ur ban ized sur face
and is based on the COSMO-Ru1M model con fig u ra tion. This sys tem is im ple mented in the
Hydrometcenter of Rus sia. The re sults of  the trial test ing of the op ti mum model con fig u ra tion for the
Mos cow re gion us ing ob ser va tions from the dense net work of weather sta tions and MTP-5 tem per a ture
profilers are pre sented. High pre dic tion ca pa bil i ties of the new fore cast ing sys tem are dem on strated.
The ap proaches to the minimization of the time of cal cu la tions for the tech nol ogy chain im ple mented at
the Roshydromet super com puter are de scribed. A case study of mod el ing with the grid spac ing of 500 m 
ver sus 1000 m for sum mer con vec tive weather events in the Mos cow re gion has been an a lyzed. 
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1. IN TRO DUC TION

The improvement of any weather prediction system is a complex process that includes not only the
solution to scientific, technological, and operational problems but also joined activities. Activities on the
development of the high-resolution (the grid spacing is 1 km) system for short-range numerical weather
prediction (NWP)  have been carried out at the Hydrometcenter of Russia since 2018 to improve the system 
for the forecasting of weather events, especially of severe ones, for Moscow. The work considers the urban
development based on the Roadmap prepared by Roshydromet jointly with the Government of Moscow.
The use of the high-resolution NWP technology, data from the new high-density observation network
including automatic weather stations (AWS) and DMRL weather radars implied by the Roadmap is
extremely important for a considerable increase in the accuracy of short-range weather forecasts and in the
reliability of severe weather warnings.

The activities implied in the framework of the Roadmap are fully consistent with modern global
tendencies of progressive meteorological development. The authors of [14] considered the concept of
World Meteorological Organization (WMO) and substantiate a need in relevant studies for implementing
integrated city services related to weather, climate, and the environment. These studies are aimed at de-
veloping complex urban meteorological, ecological, and climatic services that assist city services in case of
strong winds and heavy showers, air pollution, abnormal heat waves, etc. The creation of the united city
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database for uniting monitoring services and all weather observation networks and high-resolution weather
forecasting will perhaps be required for multi-hazard early warnings to provide the meteorological safety of 
big cities and to optimize the work of urban organizations. 

The stud ies in this di rec tion have been car ried out all over the world.  Let us note some re sults that are
im por tant in the con text of the strat egy for the de vel op ment of op er a tional tech nol o gies. 

For ex am ple, the au thors of [15] use the WRF op er a tional model (the grid spac ing is 1 km) uti lized in
the In sti tute of Ur ban Me te o rol ogy (IUM, China Me te o ro log i cal Ad min is tra tion) and its com par i son with
the great num ber of AWS mea sure ments to an a lyze the ef fects of al go rithms for the parameterization of at -
mo spheric pro cesses and ur ban en vi ron ment on the fore cast for three close megacities: Beijing, Tangjin,
and Tangshan. It is shown that even the most suc cess ful ur ban scheme of the bound ary layer leads to er rors
in sur face air tem per a ture of about 2°C and, hence, in fore cast ing the con di tions that de ter mine con vec tive
or in ver sion pro cesses. In some cases, the in tro duc tion of the para met ric de scrip tion of a city (by in tro duc -
ing a spe cial scheme for parameterizing the im pact of ur ban build ings) and the pre scrip tion of nu mer ous
city char ac ter is tics was more ef fi cient to re duce the er ror (to 1°C on av er age and by 4°C for in di vid ual
cases) than the im prove ment of the bound ary layer scheme. The de scrip tion of sub se quent work in this di -
rec tion is given in [24]. The au thors of [34] im proved the fore cast for Beijing by the more ac cu rate de scrip -
tion of anthropogenic la tent and sen si ble heat fluxes from build ings in the IUM op er a tional sys tem based
on the ap pli ca tion of the WRF model (ARW, ver sion 3.51) to three nested grids from 9 to 1 km. This in -
creased the ac cu racy of short-range fore cast ing of min i mum and max i mum val ues of sur face air tem per a -
ture by 1–2°C.

Paper [22] describes the integrated analysis of the results of the unique numerical prediction using the
ICON model over the big territory (entire Germany), with the consecutive nesting of grids with the spacing
of 625, 312, and 156 m (the grid with the spacing of 156 m covers almost the whole territory of Germany),
with 150 vertical levels to the height of 21 km. The comparison with maximum available meteorological
information was performed. The studies revealed that the model with such high resolution significantly
improves the forecasts of mesoscale variability, which proves the ability to simulate well the atmospheric
processes, primarily convective ones, on such scales.

The re sults of mod ern stud ies in ur ban me te o rol ogy for Mos cow were gen er al ized by the spe cial ists of
Lomonosov Mos cow State Uni ver sity [5]. Pa per [6] pres ents the firsts re sults of de vel op ing the NWP sys -
tem pro to type based on the nonhydrostatic at mo spheric model im proved by the homonymous in ter na tional
con sor tium COSMO (COn sor tium for Small-scale at mo spheric MOdeling) [9, 10] Roshydromet has par tic -
i pated in since 2009.  In ac cor dance to the re sults of op er a tional test ing [11], the COSMO-Ru re gional
NWP sys tem [3, 6, 7] is a base short-range NWP tech nol ogy for Rus sia and its re gions. The need in de vel -
op ing the im proved NWP tech nol ogy for Mos cow based on the higher-resolution model con sid er ing the
im pact of ur ban de vel op ment is due to the abil ity of the at mo sphere model COSMO-Ru2 with the grid
spac ing of 2.2 km  for ad e quate re pro duc tion of the fea tures of the me te o ro log i cal re gime of the megacity
(cur rently, this model is used for pro duc ing fore casts for the Eu ro pean part of Rus sia and neigh bor ing ar eas
[7]). An in crease in the res o lu tion is re quired to take into ac count the strongly pro nounced mo saic pat tern of 
ur ban land scapes (caused by the al ter na tion of ar eas with more or less dense build ing, in dus trial zones, for -
est parks, res er voirs) as well as to pro vide more ad e quate sim u la tion of at mo spheric pro cesses, for ex am ple, 
the for ma tion of con vec tive sys tems and re lated weather events (wind gusts, lo cal heavy show ers, thun der -
storms, etc.). The fea tures of ur ban sur face and the ag gre gated im pact of the city as a heat is land can ex ert
con sid er able in flu ence on the at mo spheric pro cesses over it, in par tic u lar, on the for ma tion of se vere
weather events [25]. These fea tures may be con sid ered when in clud ing math e mat i cal de scrip tion
(parameterizations) of the cor re spond ing fac tors of the ur ban en vi ron ment–at mo sphere in ter ac tion to the
model [6]. 

The pres ent pa per deals with the is sues of de vel op ing the op er a tional NWP tech nol ogy based on the re -
sults of the ex per i ments with the model adapted to the Mos cow megacity in the frame work of the
COSMO-Ru short-range NWP sys tem [6]. 

2. TESTING AND SETUP OF THE PRO TO TYPE
OF THE OP ER A TIONAL NWP MODEL FOR MOS COW MEGACITY

The test ing of the pro to type of COSMO-Ru1Ìð nonhydrostatic model with the grid spac ing of 1 km
(see its de scrip tion in [6]) was car ried out to de ter mine its abil ity to re pro duce the spa tial (hor i zon tal and
ver ti cal) dis tri bu tion of me te o ro log i cal pa ram e ters for ur ban con di tions and to re fine the model setup and
pa ram e ters for im prov ing the qual ity of fore cast ing. 
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The COSMO-Ru1Ìð model setup was tested using the periods when the most strongly pronounced
thermal inhomogeneity (in particular, the effect of the Moscow heat island: the difference between tempe-
rature in the city center (Balchug station) and its mean values for the surrounding rural areas) was observed in
the Moscow region. Such conditions are typical of the periods of fair and mainly calm weather, thus favoring
an increase in the diurnal amplitude of temperature and the manifestation of local climate features. When
selecting the periods, availability of observational data needed for verification was taken into considera-
tion. As a result, two periods for the warm season (May 17–29, 2014 and May 10–25, 2017) and one
interval for the cold season (January 1–17, 2017) were chosen. The latter is characterized by the presence of 
extreme frosts during January 6–10, when temperature in the Moscow region dropped to –35°C and the
strongly pronounced heat island was observed over the city [13]. The analysis of the results paid basic
attention to the values of air temperature, its spatial differences, and characteristics of thermal stratification
in the lower atmosphere. 

The re sults were ver i fied us ing data from 33 Roshydromet sta tions in clud ing au to matic weather sta tions 
and 41 Mosekomonitoring au to matic air qual ity con trol sta tions (AAQCS) [2, 7, 30].  Ad di tionally, ob ser -
va tional data on tem per a ture in the lower at mo sphere from the net work of MPT-5 me te o ro log i cal profilers
were used. Such ob ser va tions in the re cent 20 years have been con ducted at some points in the Mos cow re -
gion. The pre vi ously ob tained re sults were nu mer ously used to an a lyze ther mal strat i fi ca tion con di tions of
the Mos cow heat is land [4, 13, 23]. The au thors of this pa per used data of syn chro nous mea sure ments at
four points: the north ern ag glom er a tion (Cen tral Aerological Ob ser va tory, Dolgoprudny), the east ern ag -
glom er a tion (Mosekomonitoring ob ser va tion sta tion in the Kosino dis trict), the back ground ter ri tory
(Zvenigorod sci en tific sta tion of Obukhov In sti tute of At mo spheric Phys ics (IAP)), and the Mos cow cen ter 
(the roof of the IAP build ing). The ob ser va tions at the last point have been car ried out and pro cessed by the
IAP spe cial ists since 2016 to mon i tor and to an a lyze at mo spheric strat i fi ca tion con di tions di rectly over the
megacity cen ter. This data is es pe cially valu able for the model ver i fi ca tion, be cause it al lows as sess ing the
dif fer ences in the at mo spheric strat i fi ca tion be tween the city cen ter and sub urbs. The at mo spheric layer
with the depth of 1000 m (in Zvenigorod, 600 m) is cov ered with the men tioned mea sure ments us ing
profilers with a ver ti cal step of 50 m and a time step of 5 min utes.

The test nu mer i cal ex per i ments with dif fer ent con fig u ra tions of the COSMO model [10] were per -
formed for the pur pose of dy namic de tail ing of the ERA-Interim reanalysis for the Mos cow re gion (for
more de tail see [2, 31]). Three cas cade nested sim u la tion do mains with the grid spac ing of 12, 3, and 1 km
were used. The lat ter is the op er a tional do main of the COSMO-Ru1Ìð model con fig u ra tion with the size
of 200 ́  200 km.

The ex per i ments were per formed for three model con fig u ra tions. The first two ex per i ments uti lized the
COSMO-Ru1Ìð pro to type con fig u ra tion based on the COSMO-CLM cli mate model sup ple mented with
the  TERRA_URB ur ban parametrization [32, 33]; it was sup plied by the pa ram e ters of ur ban environment
de rived for Mos cow [6]. Two se ries of ex per i ments were per formed us ing this model ver sion: v5_REF and
v5_MOD. The v5_REF ex per i ments cor re spond to the orig i nal con fig u ra tion of COSMO-Ru1Ìð. The
v5_MOD ex per i ments used the model mod ern ized con sid er ing the ex pe ri ence of cli ma tic stud ies for the
Mos cow re gion [30, 31]. The model mod i fi ca tions for v5_MOD im ply a de crease in the min i mum val ues of 
eddy dif fu sion co ef fi cients and in the scale of subgrid ther mal inhomogeneities ac cord ing to [2, 16], the use 
of the new parameterization of bare soil evap o ra tion [28] and the new parameterization of the veg e ta tion
can opy (the skin-layer tem per a ture scheme) [29], as well as the use of ex po nen tial dis tri bu tion for the root
den sity in stead of the lin ear one. 

The third series of experiments v5.05_REF, the configuration COSMO-Ru-M v5.05urb[VM2] of the
recent version v5.05urb of the COSMO model was used. Modification of COSMO v5.05urb was obtained
from COSMO v5.05 by including the TERRA_URB module from the climate version of the COSMO-CLM
(or CCLM) model and making the necessary changes related to it, for example, implementing a tiled
representation of the Earth’s surface. For operational use, the COSMO v5.05urb model was provided to the
meteorological services of the consortium members in 2019. Unlike the previous model versions, the
version COSMO v5.05urb has the  block of physical parameterizations updated using the experience of the
ICON seamless model development [21, 35]. In particular, it contains essentially modified parameteri-
zations of vertical eddy diffusion in the atmospheric boundary layer. The COSMO-Ru v5.05 configuration
also included the most of above modifications tested during the modernization of COSMO-Ru1Ìð
(experiments v5_MOD). The parameters of the urban surface in the experiments were specified identically
and coincided with those prescribed in the COSMO-Ru1Ìð prototype. 

The re sults ob tained for May 17–29, 2014 (Figs. 1a, 1b, 1c, and 1e) in di cate that the use of mod i fi ca -
tions of COSMO-Ru1Mp sig nif i cantly im proves the orig i nal vari ant. The anal y sis of the re sults re vealed
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that night time tem per a ture for poorly ur ban ized con di tions (mean tem per a ture for 9 sub ur ban weather sta -
tions nearby Mos cow is shown) and heat is land in ten sity are better sim u lated in v5_MOD and v5.05_REF
than in v5_REF. This pro vides more re al is tic sim u la tion of the spa tial vari abil ity of air tem per a ture in the
Mos cow re gion.

The com par i son of model sim u la tions with profiler data re vealed that the orig i nal vari ant of
COSMO-Ru1Ìð (v5_REF ex per i ment) sim u lates too strong mix ing of the lower at mo sphere at night and,
con se quently, un der es ti mates the in ten sity of night time cool ing in ver sions. The other two ex per i ments sim -
u late more in ten sive tem per a ture in ver sion. Data ob tained for the pe riod of May 10–25, 2017 are close to
the con sid ered ones.
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Fig. 1. The comparison of (1, 5) observed and (2, 4) simulated air temperature: the variation in (a, d) average suburban air
temperature and (c, f) heat island intensity for the city center in (a, c) May 2014 and (d, f) January 2017; the values of
nighttime air temperature (for 00:00 UTC) averaged for May 20–27, 2014 according to observations at AWS (the round
markers) and AAQCS (the squared markers) and according to model data for the (b) v5_REF and (e) v5_MOD experiments;
(1) the  observed and (2–4) simulated mean vertical profiles of temperature for January 9, 2017 (g) in the city center (IPA), (h) 
Kosino, and (i) Zvenigorod. The experiments: (2) v5_REF; (3) v5_MOD; (4) v5.05_REF. In figures b and e the color scale
shows the fraction of urban area.



For the win ter test pe riod of Jan u ary 1–17, 2017, dif fer ences be tween the con fig u ra tions are much
smaller than for the sum mer ep i sodes, with a slight ad van tage of the mod ern ized ver sions (Figs. 1d and 1f).
De spite the sim plic ity of spec i fy ing the anthropogenic heat flux in the TERRA_URB (the av er age an nual
value and an nual vari a tion are spec i fied [6, 20, 32]), that plays a key role in the for ma tion of the win ter heat
is land, all con fig u ra tions re al is ti cally sim u lated the in ten sive heat is land which was ob served at the peak of
the cool ing on Jan u ary 9, as well as the at mo spheric strat i fi ca tion con di tions in the city cen ter (IPA), in the
sub urb (Kosino), and over the back ground ter ri tory (Zvenigorod) (Figs. 1g, 1h, and 1i). Thus, the re sults in -
di cate a higher qual ity of sim u la tion and pros pects of us ing the setup of the mod ern ized ver sion of
COSMO-Ru1Mp, as well as the pros pects of trans fer ring op er a tional sim u la tions in the frame work of the
ÑOSMO-Ru sys tem to the up dated ver sion of COSMO v5.05urb (here in af ter, COSMO-Ru1Ì, un like the
COSMO-Ru1Ìð pro to type). It should be noted that the new ver sion of COSMO v5.05urb al lows spec i fy -
ing the same spa tial dif fer en ti a tion of morphometric pa ram e ters of built-up en vi ron ment (the height of
build ings, “ur ban can yon” as pect ra tio, build ing den sity) which af fect in ter ac tion be tween the ur ban sur -
face and the at mo sphere.

Currently, the ongoing work is aimed at the development of spatial databases containing the values of
required morphometric parameters of the built-up environment averaged over the cells of grids with the
spacing of 1 km and 500 m [27]. At the same time, information about the urban area fraction is refined
using the most modern data and methods. The higher accuracy and reliability of the results is provided by the
synthesis of data from different information sources: OpenStreetMap data [12], that are available in vector
format; raster data on the surface types Copernicus Global Land Cover [8] with the grid step of 100 m; and
raster data on vegetation with the grid step of 10 m obtained as a result of processing Sentinel-2 satellite
images.

3. EF FECT OF CHANGING THE GRID SPACING FROM 1 km TO 500 m
AT SIM U LA TION OF CON VEC TIVE PRO CESSES IN THE MOS COW RE GION

A need in applying smaller and smaller grid steps for the numerical prediction of rapidly developing
severe weather events is caused by the scales of intense convective processes in the mid-latitudes. For
example, the models with the grid spacing from 500 to 30 m are used to solve research problems in the area
of modeling mesoscale convective systems (MCS). In case of operational NWP, a compromise is required
between the desired forecast skill and the feasibility of calculations. Each two-fold decrease in the simula-
tion grid spacing under the same number of levels and territory, as well as under the ideal parallelization of
the computational process increases the run time by 8 times and the required external and random access
memory by 4 times.

For ex am ple, let us con sider a case of the fore cast of the con vec tive sys tem and weather phe nom ena in
the Mos cow re gion on May 30, 2019 pro duced with the COSMO-Ru1Mp and COSMO-Ru0.5Mp ver sions
with the grid spac ing of 1 km and 500 m, re spec tively. The re sults of the mod el ing with the step of 1 km
were pre sented in [6]. The sim u la tions were per formed in the frame work of the COSMO-Ru sys tem us ing
data re ceived in op er a tional mode in the frame work of the “cas cade de tail ing” tech nol ogy from
COSMO-Ru6ENA to COSMO-Ru1Mp [6]. The COSMO-Ru0.5Mp vari ant is not a pre pared ver sion for
ob tain ing op er a tional nu mer i cal weather fore casts, be cause this ver sion pro vides the set ting for the grid
spac ing only, and all the other pa ram e ters in clud ing the ur ban build ing co in cide with those used in pro to -
type COSMO-Ru1Mp. 

From 11:30 to 14:00 UTC, lo cal show ers and thun der storms were reg is tered in Mos cow and the Mos -
cow re gion, eye wit nesses re ported the cases of hail and squall. The max i mum reg is tered wind gusts were
equal to 17 m/s at Vnukovo weather sta tion and 15 m/s at Sheremetyevo sta tion.  

According to 1-km model data [6], the formation of the mesoscale convective system was expected on
the front over the northeastern border of Moscow by 13:00 UTC on May 30, 2019 (Fig. 2b). Wind gusts up
to 25 m/s were predicted at the rear of the supercell that was situated over the central districts of the city
(Fig. 2e). The forecast of the front position was quite close to reality (the front was clearly observed on the
streamline charts in Fig. 2e). The situation numerically predicted with the lead time of one day provided
important information for forecasters concerning the risk of formation of severe weather events over the
city and suburbs. In reality, many small convective cells that caused intense rains in many parts of the city
were formed over Moscow and neighboring areas during the passage of the cold front on May 30, 2019.
This was clearly observed on the map of radar reflectivity for 13:00 UTC on May 30, 2019 (Fig. 2a), no
signs of MCS were detected. Actually, the wind strengthening in the region was much weaker than the
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predicted one. The model did not predict the zones of intense convection in many city districts and, hence,
showers and thunderstorms along the front line southwest of the supercell remained unpredicted.

Ac cord ing to the data of sim u la tions with the same ini tial time and lead time of the fore cast but with the
grid spac ing of 500 m, con vec tive phe nom ena over the Mos cow re gion had a fudamentally dif fer ent struc -
ture: they ap peared to be di vided into many in di vid ual clus ters over many ar eas of the city (Fig. 2c). The
MCS was not ob served but there was a num ber of rap idly de vel op ing and mov ing cloud clus ters which
were smaller but strong. The fore cast for the ear lier time pe riod (12:40 UTC) in di cates still better agree -
ment with ra dar data (Fig. 2d).

In the an a lyzed case, the COSMO-Ru0.5Mp con fig u ra tion sim u lated the for ma tion of con vec tive cells
in the at mo sphere over Mos cow and the Mos cow re gion more re al is ti cally than the 1-km model. This cor re -
sponded with the ex pan sion of ter ri to ries within the city where the ac tu ally ob served show ers and wind
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Fig. 2. (a) Max i mum re flec tivity ac cord ing to DMRL data; fore casts based on ini tial data for at 13:00 UTC on May 30, 2019
and the re sults of the nu mer i cal ex per i ment: fore casts from ini tial data from 12:00 UTC on May 29, 2019 for 25 hours (for
13:00 UTC) with the grid spac ing of (b) 1 and (c) 0.5 km and (d) for the pe riod of 24 hours 40 min utes with the grid spac ing of
0.5 km; fore casts of 10-m wind gusts for 25 hours from the ini tial time of 12:00 UTC on  May 29, 2019 with the grid spac ing of 
(e) 1 and (f) 0.5 km. The an a lyzed do main is marked with the white cir cle.



gusts of 15–20 m/s were pre dicted, with the ab sence of the false storm wind strength en ing (>20 m/s) in the
fore cast that was not con firmed by ob ser va tional data, and with the more re al is tic co in ci dence with ra dar
data in the size and rel a tive po si tions of con vec tive cloud clus ters.

The re sults of the anal y sis for an in di vid ual case may be an im por tant ar gu ment of the need in the fur ther 
de vel op ment and in ves ti ga tion of the 500-m model ver sion as a po ten tial ef fec tive tool for the pre dic tion of
ad verse and se vere weather events of con vec tive or i gin.

4. IN TE GRA TION OF COSMO-Ru1M CON FIG U RA TION
TO THE OP ER A TION-TECHNOLOGY LINE AT HYDROMETCENTER OF RUS SIA

The tech no log i cal chain of short-range weather fore cast ing with COSMO-Ru1M, the con fig u ra tion of
the model COSMO v5.05urb (note that COSMO-Ru1Mp is the con fig u ra tion of the model COSMO
v5.05urb) with the grid spac ing of 1 km was in te grated to the op er a tion-technology line for the pro duc tion
of nu mer i cal fore casts at the Hydrometcenter of Rus sia in the frame work of the COSMO-Ru sys tem [1, 7].
The for ma tion of ini tial and bound ary con di tions for COSMO-Ru1M is based on the cas cade ap proach of
the con sec u tive tele scop ing of cal cu la tions. The bound ary and ini tial con di tions in COSMO-Ru6ENA (the
grid spac ing is 6.6 km, the ter ri tory of Eu rope and North ern Asia) are pre pared us ing in ter po lated data of
the ICON global at mo sphere model [21, 35], and ini tial data for the other con fig u ra tions are pre pared ac -
cord ing to the fol low ing scheme:

COSMO-Ru6ENA ® COSMO-Ru2 ® COSMO-Ru1M.

To pro vide fore cast ers with timely re sults of sim u la tions, it was nec es sary to con fig ure the pro ce dures
of the COSMO-Ru1M sys tem so that fore cast prod ucts were cal cu lated as quickly as pos si ble. For this pur -
pose, the op ti mi za tion of all stages of the tech no log i cal line of COSMO-Ru linked to COSMO-Ru1M was
car ried out by re duc ing the wait ing time for lat eral bound ary con di tions from the par ent con fig u ra tion, the
cal cu la tion time for each con fig u ra tion by se lect ing the op ti mum de com po si tion of fore cast do mains, and,
fi nally, the parallelization of the pro cess of vi su al iz ing weather fore cast re sults.

The op ti mi za tion by ap ply ing the file wait ing mod ule. The file wait ing mod ule was de vel oped at the
stage of in put data prep a ra tion. Lat eral bound ary con di tions were re ceived from the data of par ent con fig u -
ra tion COSMO-Ru2 with the grid spac ing of 2.2 km whose run is equal to 60 min utes. Since the file wait ing 
sys tem also op er ates at the stage of sim u la tion, the pro cess of pre par ing in put data func tions in par al lel with 
it, thus al low ing com pu ta tion of fore casts of the child con fig u ra tion COSMO-Ru1M in par al lel with the
com pu ta tions for the par ent con fig u ra tion, it is not nec es sary to wait for the end of COSMO-Ru2 fore cast
cal cu la tions. As lat eral bound ary con di tions of COSMO-Ru1Ì are up dated ev ery hour, the
COSMO-Ru1M run was or ga nized with the one-hour lag be hind the par ent COSMO-Ru2 us ing the file
wait ing mod ule. This re duced the time of re cep tion of COSMO-Ru1M fore casts nearly one hour.

The op ti mi za tion of weather fore cast do main de com po si tion. The nu mer i cal ex per i ments us ing not
more than 144 cores (4 nodes with two pro ces sors each and 18 cores for each pro ces sor) were per formed to
choose the op ti mum de com po si tion sce nario. In meth od olog i cal cal cu la tions, the de com po si tion pa ram e -
ters changed along the x- and y-axes. The run time for 1-hour fore casts was es ti mated. The re sults of the
COSMO-Ru1M per for mance tests can be judged by the fol low ing data: 

Num ber of cores
   along the x-axis
  along the y-axis
Run time, s

1
144

5135

2
72

3032

4
36

2169

6
24

2047

8
18

1991

9
16

2018

12
12

2060

16
9

2146

18
8

2252

The range of val ues of the run time from the quick est run to the slow est one var ies from 1991 to 5135 s
(i.e., by more than 2.5 times). The above data show that the de com po si tion of 8 ́  18 with 8 in ter vals along
the x-axis and 18 in ter vals along the y-axis is op ti mal. In this case, the run time is 1991 s » 33 min utes. It is
in ter est ing that the run time re quired for the sym met ric de com po si tion of 18 ́  8 is by 13% greater.

In the fu ture, it is planned to in crease the num ber of cores and, per haps, to ex tend the fore cast do main.

Op er a tive as pects and the op ti mi za tion of the post pro cess ing stage. The post pro cess ing is sue aims
at the trans for ma tion of re sults of di rect model sim u la tions into the prod ucts de liv ered to the user. The
prog ress at this stage was made as a re sult of di vid ing all post pro cess ing tasks to the groups with sub se -
quent par al lel so lu tion. This re duced the time of vi su al iza tion and con ver sion of data from 80 to 20 min -
utes. The re sult ing char ac ter is tics of the sim u la tion sys tem for the Mos cow re gion for COSMO-Ru1M in
the frame work of the COSMO-Ru sys tem are pre sented in the Ta ble.  
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It is clear that the operational simulations with the COSMO-Ru1M configuration (the grid spacing is 1 km)
with a lead time to 48 hours included to the quasi-operational run mode are available to the users in 4 hours
40 minutes after the observation time, i.e., after 00:00 UTC (7:40 Moscow time). According to the Table, if
the 500-m model is included to the operational run, the expected time of product reception may increase by
a half an hour (that is not principal in a quick run case). However, the presented estimates of astronomic
time can be reduced in case of using additional parallel processes on the supercomputer.

Fig ure 3 pres ents an ex am ple of the fore cast of wind gusts as an op er a tional prod uct of COSMO-Ru1M
for fore cast ers for 12:00 Mos cow time on March 13, 2020. It is clear that the wind strength en ing to 20 m/s
and more was pre dicted in the whole city and re gion. The wind strength ened to 26 m/s at 12:30 in
Domodedovo, to 22 m/s at 11:00 in Vnukovo, and to 23 m/s in Sheremetyevo. In the city, weather sta tions
did not reg is ter wind speeds above 17 m/s; how ever, in some city ar eas wind gusts led to the fall ing of trees
and loss of life, which in di cated the ac tual lo cal wind strength en ing to the speed of at least 20 m/s.

5. CON CLU SIONS

In 2019, the COSMO-Ru1M con fig u ra tion with the grid spac ing of 1 km for Mos cow megacity was im -
ple mented to the quasi-operational run mode at the Hydrometcenter of Rus sia. The con fig u ra tion in cluded
the parameterization of ur ban ized ar eas, some modernizations of the de scrip tion of pro cesses in soil and
veg e ta tion, and the re fined pre scrip tion of ur ban en vi ron ment pa ram e ters. The use of ob ser va tional data
from the dense weather mon i tor ing net works and profilers dem on strated the ef fi ciency of the model sim u -
la tion of tem per a ture re gime over Mos cow, heat is land ef fect, and ther mal strat i fi ca tion over the city and
sub urbs. Works on the im ple men ta tion of the 500-m ver sion started, they in clude the prep a ra tion of data on
the ur ban en vi ron men tal pa ram e ters with re spec tive de tail ing. The use of these new tools will im prove the
re li abil ity of fore cast ing se vere weather events in Mos cow megacity, which is proved by nu mer i cal ex per i -
ments.

The pro posed meth od olog i cal, sci en tific, and tech no log i cal as pects con sid ered in the pres ent pa per were 
dis cussed in de tail both with Rus sian re search ers and fore cast ers and with for eign spe cial ists from the lead -
ing na tional me te o ro log i cal ser vices, in par tic u lar, in the frame work of the Roshydromet co op er a tion in the
COSMO in ter na tional con sor tium and Short-Range Nu mer i cal Weather Pre dic tion Programme (Eu ro pean
Un ion) [26] and the bi lat eral co op er a tion be tween Roshydromet and China Me te o ro log i cal Ad min is tra tion. 
It was found that the im ple mented di rec tion and the ob tained re sults cor re spond to the world level and will
ef fec tively im prove the res o lu tion of sim u la tions at the next stages, i.e., will in crease the ad e quacy of de -
scrip tion of me te o ro log i cal con di tions, in par tic u lar, those lead ing to rap idly de vel op ing se vere and ad verse 
weather events for such com plex megacity as Mos cow. 
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Table. The characteristics of configurations in the COSMO-Ru system on the CRAY XC40-LC (“Roshydromet”)
supercomputer 

Char ac ter is tic COSMO-Ru6ENA COSMO-Ru2 COSMO-Ru1M COSMO-Ru0.5M

Ini tial con di tions
Bound ary con di tions
Time step, s
Grid spac ing
Num ber of grid points X, Y
Sim u la tion do main size, km
Num ber of lev els
Time, UTC hour

Fore cast lead time, hour
Num ber of cores
Run time, min ute
Run start, UTC hour:min utes
Time to get the re sults:
   af ter the ob ser va tion time
   for us ers

ICON
ICON
60
0.06° (~6.6 km)
2000 ́  1000
11542.3 ́  6631.9
40
00:00, 6:00, 12:00,
18:00 
120 (78)
1944
75
3:00

4:05
5:20

COSMO-Ru6ENA
COSMO-Ru6ENA
20
0.02° (~2.2 km)
1200 ́  1400
1750.9 ́  2032.7
50
00:00, 6:00, 12:00,
18:00
48
2880
60
3:15

4:15
4:40

COSMO-Ru2
COSMO-Ru2
10
0.009° (~ 1 km)
200 ́  200
197.1 ́  191.1
50
00:00, 6:00, 12:00,
18:00
48
144
44
3:30

4:15
4:40

COSMO-Ru2
COSMO-Ru2
6
0.0045° (~500 m)
400 ́  400
197.1 ́  197.1
50
Re search mode

36
576
72
Re search mode

Re search mode
Re search mode



For mod els with a grid spac ing of 200–500 m, only stud ies are cur rently be ing car ried out (for ex am ple,
[17, 19, 24, 34]); there fore, a quasi-operational weather fore cast with a grid spac ing of 500 m for Mos cow
is in no va tive not only for Roshydromet, but also for other na tional me te o ro log i cal ser vices.

AC KNOWL EDG MENTS

The au thors deeply thank the spe cial ists of the Hydrometcenter of Rus sia, the Roshydromet Main Com -
puting Center, and Lomonosov Mos cow State Uni ver sity De part ment of Me te o rol ogy and Cli ma tol ogy of
the Fac ulty of Ge og ra phy for as sis tance and use ful ad vice dur ing the dis cus sion of the pa per. We es pe cially 
thank S.V. Lubov (the Roshydromet Main Com puting Cen ter) for as sis tance in the cal cu la tions on the
Roshydromet super com puter.

FUNDING

The re search was sup ported by the grant for the im ple men ta tion of ac tiv i ties on the de vel op ment of the
sys tem for mon i tor ing, fore cast ing, and warn ing of se vere and ad verse weather events in Mos cow city (the
Res o lu tion of the Gov ern ment of Mos cow No. 257-PP, April 3, 2018). 

REFERENCES

1. D. V. Blinov and G. S. Rivin, “The COSMO-Ru Short-range Nonhydrostatic Mesoscale Weather Pre dic tion Sys -
tem: A Tech no log i cal Line,” Trudy Gidromettsentra Rossii, No. 365 (2017) [in Rus sian]. 

2. M. I. Varentsov, A. V. Kislov, T. E. Samsonov, and P. I. Konstantinov, “Sim u la tion of Heat Is land over the Mos -
cow Ag glom er a tion with the COSMO-CLM Re gional Cli mate Model,” Vestnik Mosk. Un-ta, Ser. 5: Geografiya,
No. 6 (2017) [in Rus sian]. 

3. R. M. Vil’fand, G. S. Rivin, and I. A. Rozinkina, “COSMO-RU Sys tem of Nonhydrostatic Mesoscale Short-range 
Weather Fore cast of the Hydrometcenter of Rus sia: The First Stage of Re al iza tion and De vel op ment,” Meteorol.
Gidrol., No. 8 (2010) [Russ. Meteorol. Hydrol., No. 8, 35 (2010)].

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 45   No. 7   2020 

DEVELOPMENT OF THE HIGH-RESOLUTION OPERATIONAL SYSTEM 463

Fig. 3. The ex am ple of COSMO-Ru1M prod ucts: the fore cast of wind gusts for 9:00 UTC on March 13, 2020 from ini tial data 
for 00:00 UTC. 



4. E. N. Kadygrov, I. N. Kuznetsova, and G. S. Golitsyn, “Heat Is land in the Bound ary At mo spheric Layer over a
Large City: New Re sults Based on Re mote Sensing Data,” Dokl. Akad. Nauk, No. 4, 385 (2002) [Dokl. Earth
Sci., No. 6, 385 (2002)].

5. Cli mate of Mos cow un der Global Warming, Ed. by A. V. Kislov (Mos cow State Univ., Mos cow, 2018) [in Rus -
sian].

6. G. S. Rivin, R. M. Vil’fand, D. B. Kiktev, I. A. Rozinkina, K. O. Tudrii, D. V. Blinov, M. I. Varentsov, T. E. Sam- 
sonov, A. Yu. Bundel’, A. A. Kirsanov, and D. I. Zakharchenko, “The Sys tem for Nu mer i cal Pre dic tion of
Weather Events (In clud ing Se vere Ones) for Mos cow Megacity: The Pro to type De vel op ment,” Meteorol. Gidrol., 
No. 11 (2019) [Russ. Meteorol. Hydrol., No. 11, 44 (2019)].

7. G. S. Rivin, I. A. Rozinkina, E. D. Astakhova, D. V. Blinov, A. Yu. Bundel’, A. A. Kirsanov, M. V. Shatunova,
N. E. Chubarova, D. Yu. Alferov, M. I. Varentsov, D. I. Zakharchenko, V. V. Kopeikin, M. A. Nikitin, A. A. Po-
liukhov, A. P. Revokatova, E. V. Tatarinovich, and E. V. Churiulin, “COSMO-Ru High-resolution Short-range
Nu mer i cal Weather Pre dic tion Sys tem: De vel op ment and Ap pli ca tions,” Gidrometeorologicheskie Issledovaniya
i Prognozy, No. 4 (2019) [in Rus sian].

8. Co per ni cus Global Land Cover, https://land.co per ni cus.eu/global/prod ucts/lc.
9. COSMO Con sor tium, http://cosmo-model.org.

10. COSMO Model Doc u men ta tion, http://cosmo-model.org/con tent/model/doc u men ta tion/core/de fault.htm.
11. Me thod i cal Cab i net of Hydrometcenter of Rus sia, https://method.hydromet.ru [in Rus sian].
12. OpenStreetMap, https://www.openstreetmap.org/.
13. V. P. Yushkov, M. M. Kurbatova, M. I. Varentsov, E. A. Lezina, G. A. Kurbatov, E. A. Miller, I. A. Repina,

A. Yu. Artamonov, and M. A. Kallistratova, “Modeling an Urban Heat Island during Extreme Frost in Moscow in 
January 2017,” Izv. Akad. Nauk, Fiz. Atmos. Okeana, No. 5, 55 (2019) [Izv., Atmos. Oceanic Phys., No. 5, 55
(2019)].

14. A. Baklanov, C. S. B. Grimmond, D. Carlson, D. Terblanche, X. Tang, V. Bouchet, and A. Hovsepyan, “From Ur -
ban Me te o rol ogy, Cli mate and En vi ron ment Re search to In te grated City Ser vices,” Ur ban Cli mate, 23 (2018).

15. M. Barlage, S. Miao, and F. Chen, “Im pact of Phys ics Parameterizations on High-resolution Weather Pre dic tion
over Two Chi nese Megacities,” J. Geophys. Res. Atmos., 121 (2016).

16. I. Cerenzia, F. Tampieri, and M. S. Tesini, “Di ag no sis of Tur bu lence Schema in Sta ble At mo spheric Con di tions
and Sen si tiv ity Tests,” COSMO Newslett., 14 (2014).

17. L. Cui and J. Shi, “Ur ban iza tion and Its En vi ron men tal Ef fects in Shang hai, China,” Ur ban Cli mate, 2 (2012). 
18. D. P. Dee, S. M. Uppala, A. J. Simmons, P. Berrisford, P. Poli, S. Kobayashi, U. Andrae, M. A. Balmaseda, G.

Balsamo, P. Bauer, P. Bechtold, A. C. M. Beljaars, L. van de Berg, J. Bidlot, N. Bormann, C. Delsol, R. Dragani,
M. Fuentes, A. J. Geer, L. Haimberger, S. B. Healy, H. Hersbach, E. V. Hylm, L. Isaksen, P. Kellberg, M. Kohler,
M. Matricardi, A. P. McNally, B. M. Monge-Sanz, J.-J. Morcrette, B.-K. Park, C. Peubey, P. de Rosnay, C.
Tavolato, J.-N. Thepaut, and F. Vitart, “The ERA-Interim Reanalysis: Con fig u ra tion and Per for mance of the Data 
As sim i la tion Sys tem,” Quart. J. Roy. Meteorol. Soc., No. 656, 137 (2011). 

19. A. Finnenkoetter and S. Bohnenstengel, “MORUSES Implementation of an Urban Morphology
Parametrization Scheme in the 300 m London Model,” in 40th EWGLAM and 25th SRNWP Meeting, 1–4 Oc-
tober, 2018, Salzburg, Austria, http://srnwp.met.hu/Annual_Meetings/2018/down-load/thursay/Finnenkoet-
ter_LM_MORUSES.potx.pdf.

20. M. G. Flanner, “In te grating Anthropogenic Heat Flux with Global Cli mate Models,” Geophys. Res. Lett., No. 2,
36 (2009).

21. M. Giorgetta, R. Brokopf, T. Crueger, M. Esch, S. Fiedler, J. Helmert, C. Hohenegger, L. Kornblueh, M. Kohler,
E. Manzini, T. Mauritsen, C. Nam, T. Raddatz, S. Rast, D. Reinert, M. Sakradzija, H. Schmidt, R. Schneck,
R. Schnur, L. J. Silvers, H. X. Wan, G. Zangl, and B. Stevens, “ICON-A, the Atmosphere Component of the
ICON Earth System Model: I. Model Description,” J. Adv. Model Earth System, No. 7, 10 (2018).

22. R. Heinze, A. Dipankar, C. C. Henken, C. Moseley, O. Sourdeval, S. Treomel, X. Xie, P. Adamidis, F. Ament,
H. Baars, C. Barthlott, A. Behrendt, U. Blahak, S. Bley, S. Brdar, M. Brueck, S. Crewell, H. Deneke, P. D. Giro-
lamo, R. Evaristo, J. Fischer, C. Frank, P. Friederichs, T. Geocke, K. Gorges, L. Hande, M. Hanke, A. Hansen,
H.-C. Hege, C. Hoose, T. Jahns, N. Kalthoff, D. Klocke, S. Kneifel, P. Knippertz, A. Kuhn, T. van Laar, A. Macke,
V. Maurer, B. Mayer, C. I. Meyer, S. K. Muppa, R. A. J. Neggers, E. Orlandi, F. Pantillon, B. Pospichal,
N. Reober, L. Scheck, A. Seifert, P. Seifert, F. Senf, P. Siligam, C. Simmer, S. Steinke, B. Stevens, K. Wapler,
M. Weniger, V. Wulfmeyer, G. Zangl, D. Zhangl, and J. Quaase, “Large-eddy Simulations over Germany Using
ICON: A Comprehensive Evaluation,” Quart. J. Roy. Meteorol. Soc., 143 (2017).

23. M. N. Khaikine, I. N. Kuznetsova, E. N. Kadygrov, and E. A. Miller, “Investigation of Temporal-spatial Param- 
eters of an Urban Heat Island on the Basis of Passive Microwave Remote Sensing,” Theor. Appl. Climatol.,
No. 1–3, 84 (2006).

24. X. Liang, S. Miao, J. Li, R. Bornstein, X. Zhang, Y. Gao, F. Chen, X. Cao, Z. Cheng, C. Clements, W. Dabberdt,
A. Ding, D. Ding, J. J. Dou, J. X. Dou, Y. Dou, C. S. B.  Grimmond, J. E. Gon za lez-Cruz, J. He, M. Huang,
X. Huang, S. Ju, Q. Li, D. Niyogi, J.  Quan, J. Sun, J. Z. Sun, M. Yu, J. Zhang, Y. Zhang, X. Zhao, Z. Zheng, and

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 45   No. 7  2020

464 RIVIN et al.



M. Zhou, “SURF Un der stand ing and Pre dicting Ur ban Con vec tion and Haze,” Bull. Amer. Meteorol. Soc., 99
(2018).

25. T. R. Oke, G. Mills, A. Chris ten, and J. A. Voogt, Ur ban Cli mates (Cam bridge Univ. Press, 2017).
26. G. Rivin, I. Rozinkina, M. Varentsov, D. Blinov, A. Bundel, A. Kirsanov, T. Samsonov, K. Tudriy, D. Zaharchenko, 

R. Vilfand, and D. Kiktev, “Moscow Megacity Forecasting Based on COSMO1 Modelling,” in 41th EWGLAM
and 26th SRNWP, 30.09–3.10.2019, Sofia, Bulgaria, https://storm.cfd.meteo.bg/ewglam/node/2.

27. T. E. Samsonov and M. I. Varentsov, “Computation of the City-descriptive Pa ram e ters for High-resolution Nu -
mer i cal Weather Prediction in Mos cow Megacity in the Frame work of the COSMO Model,” Meteorol. Gidrol.,
No. 7 (2020) [Russ. Meteorol. Hydrol., No. 7, 45 (2020)].

28. J.-P. Schulz and G. Vogel, “An Eval u a tion of the Sim u lated Bare Soil Evap o ra tion of an At mo spheric Model,”
Geophys. Res. Abstr., 18 (2016).

29. J.-P. Schulz and G. Vogel, “An Im proved Rep re sen ta tion of the Land Sur face Tem per a ture In clud ing the Ef fects
of Veg e ta tion in the COSMO Model,” Geophys. Res. Abstr., 19 (2017). 

30. M. I. Varentsov, M. Y. Grishchenko, and H. Wouters, “Si mul ta neous As sess ment of the Sum mer Ur ban Heat
Is land in Mos cow Megacity Based on In Situ Ob ser va tions, Ther mal Sat el lite Im ages and Mesoscale Modeling,”
Geogr. En vi ron. Sus tain., No. 4, 12 (2019).

31. M. Varentsov, H. Wouters, V. Platonov, and P. Konstantinov, “Megacity-induced Mesoclimatic Ef fects in the
Lower At mo sphere: A Modeling Study for Mul ti ple Sum mers over Mos cow, Rus sia,” At mo sphere, No. 2, 9
(2018).

32. H. Wouters, M. Demuzere, U. Blahak, K. Fortuniak, B. Maiheu, J. Camps, D. Tielemans, and N. P. M. van Lipzig, 
“Ef fi cient Ur ban Can opy Parameterization for At mo spheric Modelling: De scrip tion and Ap pli ca tion with the
COSMO-CLM Model for a Bel gian Sum mer,” Geosci. Model Dev., 9 (2016).

33. H. Wouters, M. Demuzere, K. de Rid der, and N. P. M. van Lipzig, “The Im pact of Im per vi ous Wa ter-storage
Parametrization on Ur ban Cli mate Modelling,” Ur ban Cli mate, 11 (2015).

34. M. Yu, J. Gon za les, S. Miao, and P. Ramamurthy, “On the As sess ment of a Cooling Tower Scheme for
High-resolution Nu mer i cal Weather Modeling for Ur ban Areas,” J. Appl. Meteorol. Climatol., 58 (2019). 

35. G. Zangl, D. Reinert, P. Ripodas, and M. Baldauf, “The ICON (ICOsahedral, Non-hydrostatic) Modelling Frame -
work of DWD and MPI-M: De scrip tion of the Nonhydrostatic Dy nam i cal Core,” Quart. J. Roy. Meteorol. Soc.,
141 (2015).

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 45   No. 7   2020 

DEVELOPMENT OF THE HIGH-RESOLUTION OPERATIONAL SYSTEM 465


