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of open data. The mod ule is in ter faced with the COSMO-Ru op er a tional sys tem for the re gional nu mer i -
cal weather pre dic tion de vel oped in the Hydrometcenter of Rus sia. The pri mary test ing of the
COSMO-Ru1Mp is per formed, in clud ing daily fore casts based on op er a tional data. The ad van tage of
this fore cast sys tem and the pros pects of its fur ther de vel op ment are re vealed.
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1. IN TRO DUC TION

The high performance of modern computing systems inspires the development of more detailed
atmospheric models. This process was named “the quiet revolution” in [8]. For example, only recently the
term “mesoscale model” was applied to the numerical weather prediction limited area models (regional
models). Now in all leading numerical weather prediction centers the global models have a grid spacing
of 9–13 km and can predict not only a-scale (the range of 200–2000 km) but also partly meso-b-scale
(20–200 km) processes [26]. The transition to the nonhydrostatic approximation to describe circulations
with the size of <100 km became urgent for global numerical weather prediction. For example, the ICON
nonhydrostatic operational global model (DWD, Germany) [29] utilizes a grid with the spacing of 13 km
(for several regions including Europe, the spacing is 6.5 km). At the same time, in the recent decade, during
the development of numerical prediction technologies, many models with the spacing of several kilometers
(in the best cases, 1–2 km) have been implemented in the national meteorological services. Increasing
weight is given to the detailed forecasting of weather events, and not only of their formation conditions.
Special attention is paid to the weather forecasting for megacities [7, 27]. 

The Mos cow re gion can be called a ground for the gen er a tion of se vere weather events, from freez ing
rains to tornadoes. Sev eral air masses with con trast prop er ties formed in the geo graphic re gions from the
trop ics to the Arc tic can be in volved into cir cu la tion sys tems in the cen ter of the Rus sian Plain. This can
lead both to dra matic tem per a ture changes, frontal heavy pre cip i ta tion, etc. and to the for ma tion of the
hardly pre dict able com plex pat tern of me te o ro log i cal fields which fa vors the rapid de vel op ment of local
weather events in clud ing se vere ones. Data as sim i la tion sys tems do not al ways reg is ter the fea tures of the
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three-dimensional struc ture of me te o ro log i cal fields. The com plex ity of the sit u a tion is ag gra vated by the
megacity im pact. The ur ban heat is land is the known fact, and urban ef fects on the re gimes of wind,
precipitation, cloud i ness, and dif fer ent phe nom ena in clud ing con vec tive ones were also re vealed [2, 3, 21,
24, 26]. 

The fore caster’s skill con sists in the ex e cu tion of the com plex anal y sis of nu mer i cal weather pre dic tion
out puts and fine fea tures of syn op tic con di tions, the struc ture of air masses and at mo spheric fronts, and ur -
ban ef fects. The full est ac tual in for ma tion and high-detail nu mer i cal fore casts in ac cor dance to the world’s
prac tice are needed to im prove the fore cast ing ef fi ciency. 

The im prove ment of the weather pre dic tion sys tem for Mos cow is a com plex prob lem which com bines
sci en tific, tech no log i cal, and op er a tion-production tasks. The Roadmap on the De vel op ment of Se vere and
Ad verse Weather Mon i toring and Fore casting Sys tem in the frame work of the state pro gram of Mos cow
“The Safe City” was pre pared by Roshydromet jointly with the Gov ern ment of Mos cow in 2017 in or der to
solve the above prob lem. To cre ate the sci en tific and tech no log i cal ba sis for this pro ject, the ob ser va tion
net work in the re gion will be mod ern ized and developed. The fol low ing sys tems will also be de vel oped: the 
sys tem for the high-resolution (with the grid spac ing of 1 km) nu mer i cal short- and very-short-range
weather fore cast ing and the sys tem for the proba bil is tic en sem ble fore cast ing for the es ti ma tion of the risk
of se vere weather events on the base of the Hydrometcenter of Rus sia. The im ple men ta tion of the roadmap
ac tiv i ties started in Oc to ber 2018.

At the first stage, it was planned to de velop a pro to type of the re quired nonhydrostatic at mo sphere
model for the Mos cow megacity with the 1-km grid spac ing. For this pur pose, the COSMO nonhydrostatic
at mo spheric model was cho sen which is de vel oped by the in ter na tional con sor tium COSMO (COn sor tium
for Small-scale MOdeling) [12]; Roshydromet (rep re sented by the Hydrometcenter of Rus sia) has been a
mem ber of this con sor tium since 2009. The na tional sys tem for the short-range re gional nu mer i cal weather
pre dic tion un der de vel op ment is called COSMO-Ru [4] in ac cor dance to the con sor tium reg u la tions: the
first let ters of the coun try name are added to COSMO. Ac cord ing to the res o lu tions of the Roshydromet
Cen tral Me thod i cal Com mis sion in 2011, 2016, and 2018, the COSMO-Ru was rec og nized as the base
tech nol ogy of nu mer i cal weather pre dic tion for Rus sia and its re gions based on the anal y sis of skill scores
of fore casts of weather el e ments and on the speed and re li abil ity of op er a tional com pu ta tions. The use of
the COSMO-Ru as a base for high-detail nu mer i cal fore casts for the Mos cow re gion will pro vide the
proven high world level of the new sys tem. 

The pres ent pa per deals with the de scrip tion of the COSMO-Ru1Mp model pro to type for the Mos cow
re gion with the grid spac ing of 1 km and the new mod ule for the de scrip tion of ur ban ized ar eas. The pro to -
type is in ter faced with the COSMO-Ru sys tem and is de vel oped in the Hydrometcenter of Russia.

2. ME THOD I CAL BA SIS OF THE MODEL PRO TO TYPE DE VEL OP MENT
FOR THE MOS COW MEGACITY

Gen eral in for ma tion about the COSMO and COSMO-Ru mod els. The COSMO at mo sphere model
is in tended for lim ited-area sim u la tions on the grid with the spac ing of <15 km to the height of 25–30 km in
atmosphere and in the soil lay ers (with ac count of the veg e ta tion cover) to the depth of 14 m. The cor re -
spond ing doc u men ta tion is pre sented at the website [12]. Data of both global and re gional (lim ited-area)
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Ta ble 1. The da ta bases used to form the ex ter nal pa ram e ters of the COSMO-Ru1Mp model

Da ta base Data de scrip tion Spa tial res o lu tion

ASTER orography
GlobCover-2009
GLCC land use
HWSD
NDVI Cli ma tol ogy, SEA WiFS
CRU near sur face climatology
GACP Aero sol Op ti cal Thickness

GLDB
MODIS albedo

Land surface orography
Vegetation cover types
Land use
Soil types and char ac ter is tics
Veg e ta tion cover types and char ac ter is tics 
Near-surface cli ma tol ogy
Aero sol op ti cal thick ness

Lake pa ram e ters
Sur face albedo

¢¢1  (~30 m)
10¢¢ (~300 m)
30¢¢ (~1 km)
30¢¢ (~1 km)
2. ¢5  (~4.6 km)
0.5° (~55 km)
4° ́  5°
(~440 ́  550 km)
30¢¢ (~1 km)
¢5  (~9 km)



mod els can be used as bound ary con di tions for the COSMO model. Ta bles 1 and 2 pres ent the lists of in ter -
na tional datasets and re quired ex ter nal pa ram e ters rec om mended by the con sor tium. The sets of ex ter nal
pa ram e ters adapted for a spe cific model ver sion de pend on the set of parameterizations and are pre pared
with ac count of model grids. 

The main fea tures of the COSMO model are as follows: 

—the model is nonhydrostatic (it can de scribe some con vec tive mo tions such as deep con vec tion at the
grid spac ing of not more than 3 km);

—the sim i lar size of grids over the whole in te gra tion do main due to the use of shifted spher i cal co or di -
nate sys tem (the equa tor passes through the do main cen ter);

—the so lu tion is based on the method ver sion de vel oped by G.I. Marchuk and based on the split ting into 
fast and slow pro cesses;

—the adapt abil ity of codes to the prob lems of op er a tional runs with the ef fec tive use of meth ods for the
parallelization and op ti mi za tion of sim u la tions. 

When cre at ing op er a tional tech nol o gies for the nu mer i cal weather pre dic tion based on the COSMO
model, the na tional me te o ro log i cal ser vices jointly solve the prob lems of prep a ra tion and ob tain ing of ex -
ter nal pa ram e ters, ini tial and bound ary con di tions, test ing of re sults, im prove ment of al go rithms, post pro -
cess ing im prove ment, and meth ods for the pre sen ta tion of model out puts to us ers.  

The COSMO-Ru sys tem for the high-resolution short-range nu mer i cal weather pre dic tion for Rus sia
and neigh bor ing re gions de vel oped by the Hydrometcenter of Rus sia has op er ated since 2009, its op er a -
tional runs are sup ported by the Roshydromet Main Com puting Cen ter [4]. The tech no log i cal com plex of
the COSMO-Ru in cludes all stages of the nu mer i cal fore cast pro duc tion: from data as sim i la tion to the pre -
sen ta tion of out put prod ucts and the mon i tor ing of their qual ity. Four times a day, the COSMO-Ru sys tem
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Ta ble 2. The ex ter nal pa ram e ters used in the COSMO-Ru and COSMO-Ru1Mp 

Pa ram e ter Unit

Frac tion of land in a grid el e ment
Height above sea level
Geopotential height
Rough ness length
Stan dard de vi a tion of subgrid scale orog ra phy
Ani so tropy of subgrid scale orog ra phy
Mean slope of subgrid scale orog ra phy
An gle be tween prin ci pal axis of orog ra phy and east
Type of the soil (num bers 1–5)
Frac tion of land (sea) cov ered by ice
Frac tion of plant cover dur ing the veg e ta tion pe riod
Frac tion of plant cover out of the veg e ta tion pe riod
Leaf area in dex of plants dur ing the veg e ta tion pe riod
Leaf area in dex of plants out of the veg e ta tion pe riod
Min i mum stomata re sis tance
Frac tion of ur ban ized ter ri tory
Ground frac tion cov ered by de cid u ous for est
Ground frac tion cov ered by ev er green for est
Ther mal sur face emissivity
Depth of the roots
Nor mal ized dif fer ence veg e ta tion in dex
Tem per a ture of the lower soil layer
Lake frac tion in a grid el e ment
Frac tion of a grid el e ment oc cu pied by the cer tain land sur face type
Sur face albedo (monthly mean val ues)
Sur face albedo in the near IR and UV re gions (monthly mean val ues for each type)
Aero sol op ti cal thick ness for soot, or ganic, sul fate, dust, and ma rine aero sol (monthly
mean val ues for each type)

1
m

m2/s2

m
m

d/v
rad
rad
d/v
1
1
1
1
1

s/m
1
1
1

d/v
m
1
K
1
1

d/v
d/v
d/v

Note: d/v is dimensionless value.



com putes fore casts on the grids with the spac ing of 13.2 and 6.6 km (for en tire Rus sia and neigh bor ing ter -
ri to ries), 7 km (from East ern Eu rope to the Urals), 2.2 km (for Belarus and the cen tral re gions of Rus sia, for
Tatarstan and a part of the North Cau ca sus), and 1.1 km (ex per i men tal ver sions for Sochi and Krasnoyarsk)
based on the prin ci ple of “nested” do mains. The daily COSMO-Ru prod ucts (about 8000 maps of meteo-
rological fields of more than 50 types, tens of se ries of prog nos tic aerological di a grams, meteograms for
1500 set tle ments in Rus sia, Belarus, and Cen tral Asia) are used in more than 70 weather fore cast ing cen ters 
in Rus sia and the CIS [1].

Sub stan ti a tion of the COSMO-Ru1Mp con fig u ra tion. Grid spac ing. The grid spac ing of 1 km was
cho sen as the main po si tion of the model pro to type con fig u ra tion. In 2018, the high est de tail ing of grids
for the op er a tional nu mer i cal pre dic tion for the Mos cow re gion was equal to 2.2 km (the COSMO-Ru2
sub sys tem for the fore cast ing in the Cen tral Fed eral Dis trict). Such grid spac ing al lows de scrib ing
circulation pro cesses with the size of 12–20 km, be cause the at mo sphere model can sim u late at mo spheric
cir cu la tions with a hor i zon tal size that by 6–10 times ex ceeds the spac ing of sim u la tion do mains (this is the
ac tual model res o lu tion). The mod el ing of weather events caused by the cir cu la tion whose scale is com pa -
ra ble to the size of Mos cow ad min is tra tive dis tricts (~5–10 km), requires higher de tail ing, i.e., the use of
grids with the spac ing of not more than 1 km. The sim u la tion of mesoscale con vec tive sys tems with the size 
of 2–10 km which al lows pre dict ing some se vere weather events, requires still smaller grid spac ing.

Some meteorological services, for example, in Great Britain, Switzerland, France, Canada, and the USA 
have already successfully tested the operational numerical prediction systems with the grid spacing close to 
1 km. In Russia, the positive effect on the grid with the spacing of 1.1 km was obtained during the forecast-
ing of precipitation and wind fields for the Sochi-2014 Winter Olympic and Paralympic Games [6, 19].
Nevertheless, for the grids with the spacing of about 1 km, any experience of implementation is pioneering
especially for megacities, because local features are manifested on such scales. 

The tran si tion to the grid spac ing of 1 km as com pared to the 2.2 km grid ex tends the high-frequency
part of the range of sim u lated at mo spheric mo tions and in creases the re li abil ity of fore cast ing of some
weather phe nom ena and tem per a ture re gime fea tures, in some cases with the suc cess ful de tail ing of nu mer -
i cal fore casts to the large parts of a megacity. How ever, the for ma tion and lo ca tion of lo cal phe nom ena
(show ers, thun der storms, or wind gusts in duced by the build ing con fig u ra tion) are still be yond the ca pa bil i -
ties of the mod el ing. 

The se lec tion of the sim u la tion do main size is de fined by two op po site con di tions: the sav ing of com -
pu ta tion ef forts for as early as pos si ble de liv ery of prod ucts to fore cast ers and by the suf fi cient size to
“push” the ef fect of bound aries (~10–20 km) away from the cen tral re gions. The au thors of [6] showed a
pos si bil ity of us ing the do main with the size of 200 ́  200 km with the grid spac ing of 1.1 km for the pre cip i -
ta tion fore cast for the pe riod to 18 hours with out the no tice able qual ity loss as com pared to larger com pu ta -
tion do mains. Pro ceeding from this, the do main of 180 ́  180 km was cho sen for the COSMO-Ru1Mp as the 
min i mum pos si ble one. 

Re vi sion of “phys i cal content.” The in creas ing res o lu tion of nu mer i cal weather pre dic tion sys tems
re quires the re vi sion of al go rithms for some parameterizations and ex ter nal pa ram e ters (Ta ble 2) and the
pro vi sion of model runs with nec es sary in for ma tion [5]. In the con text of the prob lem of nu mer i cal weather
pre dic tion for Mos cow, the most im por tant point is that the de scrip tion of the in ter ac tion be tween the ur ban
en vi ron ment (be ing a spe cial type of land sur face) and the at mo sphere is in cluded to the COSMO-Ru. The
ne glect of ef fects of the spe cial heat and mois ture ex change be tween the city and the at mo sphere re duces
the re li abil ity of high-resolution fore casts for the megacity and its sub urbs; there fore, the in clu sion of the
scheme for the de scrip tion of the ur ban en vi ron ment to the model is the ma jor com po nent of the
COSMO-Ru1Mp de vel op ment. 

Con sid er ation of ur ban ized ter ri to ries based on the TERRA_URB parameterization. The schemes 
of “ur ban” parameterizations are ac tively de vel oped by the world re search teams due to the com plex ity and
ab sence of uni ver sal ity of the ur ban de vel op ment. At the cur rent level of de vel op ment of nu mer i cal
weather pre dic tion, the ex plicit con sid er ation of heat ex change be tween build ings and the air flow ing
around them is im pos si ble. At pres ent, so called ur ban en vi ron ment mod els are used as sum ing that a part of
the model cell can be oc cu pied by  ho mo ge neous en vi ron ment with a spec i fied set of “ur ban” char ac ter is -
tics. Some parameterizations of the ur ban en vi ron ment with dif fer ent de grees of com plex ity have al ready
been de vel oped [20, 24]. The COSMO-Ru1Mp uti lizes the TERRA_URB CLM parameterization [28] de -
vel oped in the frame work of the COSMO-CLM com mu nity on the re gional cli mate mod el ing [17]. The
pos i tive ef fect is achieved when the de gree of ur ban iza tion, the geo met ric fea tures of build ings, and
anthropogenic heat emis sions are taken into ac count. The TERRA_URB be longs to the class of the sim -
plest mod els of ur ban ized ar eas. More com plex multivariable schemes with the heat bud get mod el ing for
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walls and roofs of build ings, road sur face, etc., can not spec ify ac cu rately some parameterizations. Un like
such schemes, the TERRA_URB sim u lates heat and mois ture ex change by means of sev eral ad di tional re -
la tion ships us ing the semiempirical val ues of the small num ber of pa ram e ters for ur ban ized sur faces. The
TERRA_URB is computationally cost-effective, rather re al is ti cally de scribes the ther mal im pact of the
megacity on the meso-b-scale at mo spheric pro cesses, and is eas ily in te grated into the at mo spheric model. 

The use of the COSMO-CLM cli mate model ver sion with the TERRA_URB mod ule per formed well in
the pre vi ous stud ies on the cli mate mod el ing in the Mos cow re gion. The pos si bil ity of sim u la tion of the ur -
ban heat is land and dry is land, wind anom a lies in duced by the ur ban ef fects, cloud i ness, and pre cip i ta tion
was dem on strated in [2, 23, 26].

The fea tures of the TERRA_URB mod ule are the fol low ing.

1. Con sid er ation of the mo saic struc ture of ter ri to ries within the city. The COSMO model with the
TERRA_URB mod ule takes into ac count the al ter na tion of built ar eas and green zones (parks, bou le vards,
gar den squares, etc.) us ing the “mo saic” ap proach. For each model cell, the equa tions of this mod ule are
solved twice: for  nat u ral and ur ban ized sur faces. The re sult ing flows from the cell to the at mo sphere are
cal cu lated by the weight sum ming of flows from both types of sur faces.

2. Pre sen ta tion of ur ban ized ar eas. Build ings, roads, side walks are con sid ered as solid moisture-
resistant slabs laid on nat u ral soil. The Sur face Area In dex (SAI) de fines the frac tion of the area cov ered by
them.

3. The char ac ter is tics of ur ban ized ar eas for heat bud get cal cu la tion: ef fec tive heat ca pac ity Cef,
ther mal con duc tiv ity l ef, albedo Aef, and emissivity sef.

4. Tur bu lent heat ex change with the at mo sphere. The pa ram e ters of aero dy namic rough ness (as a
func tion of build ing height) [24] and ther mal rough ness [9] are introduced. The algorithms for calculation
of heat balance components used in the TERRA_URB are somewhat different from those of the TERRA
base version.

5. Water balance. The urbanized surface is moisture-resistant but allows the formation of puddles of
various depths which dry out in different time periods. The probability distribution function j(D) for the
puddle depth D is introduced to describe this process. If precipitation fills in the maximum puddle
capacity, the moisture excess is liquidated from the model water balance similar to the description of surface
runoff for natural surfaces. 

6. Ad di tional ex ter nal pa ram e ters. Ad di tionally, two elec tronic maps are spec i fied: the frac tion of the
area of ur ban ized ter ri to ries and the av er age an nual anthropogenic heat flux whose cur rent val ues are de ter -
mined with ac count of an nual and di ur nal cy cles. 

Due to the above properties, the TERRA_URB provides a difference in the values of the following
factors whose contribution varies depending on synoptic conditions and time:

—more ef fec tive ab sorp tion of so lar ra di a tion by the city and its cor re spond ing heat ing, in clud ing the
ef fects of reemission and re-reflection be tween the build ings due to the mod i fied thermophysical and op ti -
cal prop er ties of ar ti fi cial sur faces; 

—the high rough ness of ur ban land sur face de fines more ac tive tur bu lent heat ex change and, hence, the
at mo sphere heat ing over the city;

—the mod i fied re la tion of sen si ble and la tent heat fluxes in the heat bud get due to the pres ence of mois -
ture-resistant ar ti fi cial sur faces;

—heat generation by transport, industry, heated buildings, etc. as an additional component of heat
budget.

The cur rent anthropogenic emis sions are cal cu lated us ing av er age an nual val ues; in the fu ture, the au -
thors plan to de velop the al go rithm of emis sion de ter mi na tion de pend ing on spe cific weather con di tions. 

3. THE COSMO-Ru1Mp AS A MODEL PRO TO TYPE
FOR THE MOS COW MEGACITY

Set ting of pa ram e ters for the TERRA_URB in the COSMO-Ru1Mp. Ac cord ing to [28], the fol -
lowing val ues of ra di a tion and thermophysical char ac ter is tics were spec i fied for the COSMO-Ru1Mp:
Aef = 0.1, sef = 0.86, Cef = 0.777 W/mK, lef = 1.25 ́  106 J/m3 K. The dis tri bu tion for the map of av er age
an nual heat emis sions was spec i fied in ac cor dance to [11]. 

The orig i nal tech nol ogy de vel oped in [22, 23] was used to de ter mine the build ing pa ram e ters. It is based 
on the GIS anal y sis of the ob jects of OpenStreetMap [18] be ing the open car to graphic da ta base up dated by
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us ers and con tain ing in for ma tion on each sep a rate build ing, road-and-street net work frag ments, and seg -
ments of ter ri to ries with dif fer ent land use (do mes tic and in dus trial ar eas, wa ter bod ies, green spaces, etc.).
The use of OpenStreetMap was caused by the com par i son of SAI ob tained on its base with the val ues ob -
tained from GlobCover-2009 [13, 14]. The com par i son re vealed that GlobCover-2009 in ter prets al most the 
whole ter ri tory of Mos cow within the Mos cow Au to mo bile Ring Road as com pletely ur ban ized, which is
ev i dently false. The rep re sen ta tive ness of OpenStreetMap for Mos cow was proved by the com par i son with
data pro vided by Geocenter-Consulting. The GIS anal y sis was ap plied to cal cu late the char ac ter is tics of
build ings and land use. Pa ram e ters of the Mos cow region for the TERRA_URB were ob tained with con-
siderable ef forts on ver i fi ca tion and cor rec tion of data, with the sub se quent in ter po la tion to the model grid.
The SAI map in tro duced to the tech nol ogy of reg u lar model runs for the COSMO-Ru1Mp is pre sented in
Fig. 1. 

In ter facing of the COSMO-Ru1Mp con fig u ra tion with the COSMO-Ru sys tem. An im por tant
stage of the COSMO-Ru1Mp de vel op ment is its test ing in the frame work of the COSMO-Ru sys tem which
is fully pos si ble only based on real data. For this pur pose, the fol low ing tech no log i cal chain of con sec u tive
“tele scop ing” was im ple mented:

the re sults of the DWD ICON global mod el ing: ini tial and bound ary fore cast data (the grid spac ing is
13 km, the time step be tween the fore cast lead times is 3 hours, data are received as soon as each lead time
is ready) ® COSMO-Ru6-ENA (the grid spac ing is 6.6 km, the time step is 1 hour) ® COSMO-Ru2 (the
grid spac ing is 2.2 km, the time step is 1 hour) ® COSMO-Ru1Mp (the grid spac ing is 1 km).

The real-time test sim u la tions with the COSMO-Ru1Mp sys tem pro to type were car ried out on the
Cray-XC40-LC supercomputer. For the 1-km grid the outer parameters were adapted. (Tables 1 and 2). In
par tic u lar, the com par i son of data adapted to such grid with the pa ram e ters for the 2.2-km grid re vealed sig -
nif i cant dif fer ences in the ter rain fields in the val ley of the Mos cow River and wa ter bod ies, be cause some
res er voirs which ad join the north ern part of Mos cow and can ex ert es sen tial in flu ence on wind and on the
de vel op ment of con vec tive pro cesses, are ab sent in the 2.2-km ver sion. 

The rou tine COSMO-Ru1Mp model runs since Feb ru ary 2019. 

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 44   No. 11  2019

734 RIVIN et al.

Fig. 1. The sim u la tion do main and the frac tion of ur ban ized ar eas in the COSMO-Ru1Mp (the wa ter bod ies are shown with
the white color, and the nat u ral land scapes are shown with the vi o let color). 



4. RESULTS OF COSMO-Ru1Mp PRELIMINARY TESTING AND THEIR DISCUSSION

At the stage of the pro to type cre ation, the ob jec tive of the de vel op ers was to prove its ef fi ciency. At the
fur ther stages, it is planned to es ti mate the skill scores and to im prove the pro to type with ac count of mon i -
tor ing re sults. 

The cal cu la tion of the set of skill scores as com pared to the other COSMO-Ru con fig u ra tions has been
car ried out on a daily ba sis since March 2019; af ter that, the monthly av er ag ing is ap plied. At the same
time, the ad di tional im prove ment of al go rithms and in for ma tion re quired for the COSMO-Ru1Mp op er a -
tion is ex e cuted. In gen eral, the test ing re sults showed that the COSMO-Ru1Mp con fig u ra tion more re al is -
ti cally pre dicts pre cip i ta tion and tem per a ture in the Mos cow re gion as com pared to the op er a tional
COSMO-Ru con fig u ra tions with the larger val ues of grid spac ing which do not in clude the parameteriza-
tion of ur ban ized ar eas. The set of skill scores for the nu mer i cal fore cast of weather el e ments was cal cu lated 
in ac cor dance to [16].

For ex am ple, let us pres ent skill scores for April 2019 based on data from 42 weather sta tions lo cated
in the COSMO-Ru1Mp sim u la tion do main: for the fore casts of pre cip i ta tion (Fig. 2a) and tem per a ture
(Fig. 2b) with the COSMO-Ru1Mp and COSMO-Ru13, COSMO-Ru7, and COSMO-Ru2. It is seen that
the COSMO-Ru1Mp has the best or iden ti cal ETS (Eq ui ta ble Threat Score) (it shows how pre cisely the
fore casts agree with ac tual weather with the de duc tion of ran dom hits) for 12-hour to tal pre cip i ta tion start -
ing from the lead time of 18 hours. The scores for sur face air tem per a ture (Fig. 2b) also dem on strate the ad -
van tage of the COSMO-Ru1Mp con fig u ra tion, with the small est val ues of RMSE (root-mean-square er ror)
and ME (mean er ror). In par tic u lar, as the COSMO-Ru1Mp con sid ers ur ban ef fects, the ac cu racy of tem -
per a ture fore cast in the morn ing and in the day time is higher. 

The cer tain “re strained” skill of COSMO-Ru1Mp pre cip i ta tion fore casts dur ing the ini tial fore cast
hours draws at ten tion. At the next near est stages, it is planned to mod ify the tech nol ogy to reach the full

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 44   No. 11   2019 

THE SYSTEM FOR NUMERICAL PREDICTION OF WEATHER EVENTS 735

Fig. 2. The skill scores of COSMO-Ru1Mp forecasts for April 2019 as compared to the other COSMO-Ru components (the 
mean for April 2019, the 00:00 UTC run): (a) 12-hour total precipitation; (b) 2-m air temperature. (1) COSMO-Ru1Mp; (2)
COSMO-Ru; (3) COSMO-Ru7; (4) COSMO-Ru13; (5) COSMO-Ru6. The solid lines show the root-mean-square error
(RMSE), the dash lines represent the mean error (ME). 



agree ment be tween the COSMO-Ru1Mp fields and data of “par ent” models so increasing the skill at the
early stages of pre cip i ta tion fore cast. 

An interesting example is thunderstorms and showers which suddenly occurred over Moscow and the
Moscow region on May 30, 2019. On that day, the cold front with temperature contrasts of about 10°C
passed over the region. The mesoscale convective system resembling a supercell (Fig. 3) where the surface
air pressure drops by ~0.5 hPa (Fig. 3a), was formed in the COSMO-Ru1Mp forecast for 24–26 hours (the
start was at 12:00 UTC on May 29). Based on the analysis of model fields of reflectivity and wind, this
convective system can be considered as a supercell [10, 25]. This is indicated by the presence of the hook
echo on the reflectivity map, by the configuration of the zones of updrafts and downdrafts, and by the
mesocyclone observed in the wind field at the height of 2000 to 5000 m (for 2500 m see Fig. 3d). On that

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 44   No. 11  2019

736 RIVIN et al.

Fig. 3. The 25-hour fore cast of con vec tive phe nom ena in Mos cow for 16:00 Moscow time on May 30, 2019: (a) 12-hour to tal
pre cip i ta tion and sea-level pres sure; (b) wind gusts and sea-level pres sure; (c) max i mum re flec tivity; (d) stream lines at the
level of 2500 m and ver ti cal mo tions; (e) Dopp ler weather ra dar re flec tivity map for the Mos cow re gion; (f) stream lines at the
level of 500 m and ver ti cal mo tions.



day, from 14:30 till 18:00 Moscow time (with good agreement with the time of weather events predicted by 
the model) heavy showers with thunderstorms, in some places with squalls and hailstorms, were registered
in the Moscow region. Approximately at that time, wind gusts reached 17 and 15 m/s at Vnukovo and
Sheremetyevo airports; no thunderstorms and wind strengthening was observed in Zhukovsky and
Domodedovo airports, which is consistent to the configuration of simulated weather phenomena. However, 
numerous small convective cells rather than the large mesoscale convective system along the front were
registered over Moscow and the Moscow region on the map of actual reflectivity (Fig. 3e). The comparison 
of the model front position (Fig. 3f) and actual reflectivity indicates good agreement between them. The
significant underestimation of powerful clouds along the whole length of the front draws attention. This
underestimation as well as the certain displacement of the precipitation zone (approximately by 5–7 km
relative to their actual zones) is seen from the comparison of maps of actual and prognostic reflectivity
(Figs. 3c and 3e). Several reasons can be suggested: it is quite possible that measurement data are not
sufficient for the adequate simulation of humidity by the model; in principle, this obstacle can be partly
eliminated by the assimilation of radar information in the COSMO-Ru1Mp and in the “parent”
COSMO-Ru2 and, in the future, by the observation network development.

5. CON CLU SIONS

The prototype of the COSMO-Ru1Mp numerical weather prediction model with the grid spacing of 1 km
including the TERRA_URB parameterization of urbanized areas was developed on the Cray-XC40-LC
supercomputer; the necessary parameters of the Moscow urban environment characterizing the urban
terrain and the intensity of urban heat emissions adapted for the TERRA_URB were prepared. The adaptation 
of external parameters of land surface from available datasets for the territory of the Moscow region for the
grid spacing of 1 km was carried out. 

The developed model was interfaced with the operationally functioning COSMO-Ru system, and the
testing started of the new real-time subsystem for the numerical weather prediction based on the
COSMO-Ru1Mp prototype with the 1-km grid spacing. 

The first results of the testing were obtained by the analysis of the skill scores and individual forecasts
based on the COSMO-Ru1Mp. The results demonstrated a possibility of forecasting convective systems
and the advantage over the other COSMO-Ru subsystems which have lower resolution and do not
consider the effects of urbanized areas. 

The work was completed in a short time frame thanks to the team with the great experience of imple-
mentation of COSMO-Ru configurations for different regions working in the Hydrometcenter of Russia;
due to the work with the TERRA_URB parameterization scheme developed in the COSMO-CLM
community and tested in the context of climatic research for the Moscow region; using of the new
Roshydromet Cray-XC40-LC supercomputer with the peak performance of 1.3 Pflops and with the perfor-
mance of 1.2 Pflops during the LINPACK tests. 

The further testing of individual cases and the monitoring of skill scores are planned; based on its results, it 
is planned to correct the technology, algorithms, and parameters of the COSMO-Ru1Mp including the
TERRA_URB for the Moscow megacity. 

The mod el ing with the grid spac ing of 1 km is the start ing stage for more de tailed nu mer i cal weather
pre dic tion tech nol o gies for big cit ies. For ex am ple, cur rently, the op er a tional nu mer i cal weather pre dic tion
sys tem with the grid spac ing of 300 m is de vel oped for Lon don [15]. It will pro duce fore casts for dif fer ent
dis tricts of the city with the sim u la tion of at mo spheric pro cesses with the size of 2–3 km. For a fur ther in -
crease in the fore cast res o lu tion for Mos cow, it is planned to pre pare the tech nol ogy on the grid with the
spac ing of hun dreds of me ters.
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