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Abstract: This study examines the implementation of nudging in the INM RAS global coupled cli-
mate model to improve the initial states for seasonal hindcasts. We compare results of three nudging
experiments with both reanalyses data and ensemble of CMIP6 historical experiments. The results
show that nudging significantly reduces model biases in atmosphere and ocean fields. The exper-
iment with nudging excluding lower atmospheric levels yields the best performance by minimizing
the impact of the relaxation procedures on the model physics in the atmosphere boundary layer.
We compare the quality of the hindcasts for November—March obtained with different initialization
techniques. The initialization approach using nudging outperforms other initialization methods for
hindcasts of the Northern Hemisphere winter season with one-month lead time. However, for the first
forecast month the full field initialization demonstrates the best results. The study highlights that
nudging in the ocean model is essential to maintain hindcast skill over longer lead times and proposes
nudging as a promising approach for initialization of the annual-to-decadal climate predictions.
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Amnnorarusi: B jannom ucciie/loBaHIN pacCMaTPUBAETCS TPUMEHEHHE METO/IA TIO/ITAJIKUBAHUS B TJIO-
6aspHON KimMarmaeckoit mojesn UBM PAH jist yorydienust HagaabHBIX COCTOSTHUIN JJTsI CE30HHBIX
PETPOCIIEKTUBHBIX IIPOTHO30B. Pe3y/ibraThl Tpex KJIMMaTUIeCKUX SKCIIEPUMEHTOB C ITOITAIKUBAHUEM
CPABHUBAIOTCS C JIAHHBIMU PEaHAIN30B U AHCAMOJIEM MCTOPUYECKUX SKCIIEPUMEHTOB I10 IIPOTOKOJLY
CMIP6. IIpumenenne MeTo1a TOATATIKIBAHUS TO3BOJISET 3HAYUTEIHLHO YMEHBITUTH OIMTHOKI MOJIEJIH
B BOCIIPOM3BEIEHUN aTMOCHhEPHBIX 1 OKEAHMIECKUX TOJI€H. DKCIIEPUMEHT, B KOTOPOM IOITAJTKABAHIE
He IIPUMEHSIeTCsI K IPU3EMHBIM aTMOC(EPHBIM YPOBHSIM, IIOKA3bIBAET HANJIY YIIIME PE3YIIBTATHI 38 CIET
YMEHbBIIIEHUs] BJIUSIHUS TIPOIEIYD MOATAJKABAHNS Ha (PU3UKY TOMPAHUIHOTO CJIOSI MOJIETH aTMocde-
pol. [IpoBomuTCst cpaBHEHNE KAaYeCTBa PETPOCIIEKTUBHBIX ITPOTHO30B HA HOSOPb—MAaPT, MTOJIY9IEHHBIX
C UCIIOJIb30BAaHUEM PA3JIMYHBIX METOJ0B MHUInam3aue. [1o1xo/ ¢ nemoib30BaHneM HadaIbHBIX CO-
CTOSIHUI 110 JTAHHBIM PACIETOB C ITOITAJIKUBAHIEM [TPEBOCXOIUT JIPYTHE METObI NHUIHATH3AINN JIJTsI
PETPOCIIEKTUBHBIX MPOTHO30B Ha 3uMHNI ce30H CeBEPHOTO MOIyNIapus ¢ 320, Iar0BPEMEHHOCTHIO OIMH
Mecst. OIHAKO [JIst IEPBOTO MECSIA IPOrHO3a HAWJIYUINNE PE3YJIbTaThl JIEMOHCTPUPYET WHUIHAJIU-
3aIldsl TOJTHBIMU TIOJISIME. B paboTe mo/raepKuBaeTcst HeOOXOMMOCTDb UCIIOIB30BAHNS O TATKUBAHUS
B MOJIeJIA OKeaHa JJjist oOecliedennsi Ka9eCTBEHHOIO IIPOrHO3a ¢ OOJIBINOI 3a01ar0BPEMEHHOCTHIO, a
TaKXKe MPeJIaraeTcs IPUMeHeHre STOr0 MEeTO 1 JJIsi HHUIINAIN3aIIN KJINMAaTHIeCKUX ITPOTHO30B Ha,
roJI—JIeCSITUJIETE.

Kurouesbie cioBa: kKiaumarudeckas moueas IBM PAH, meron noarajkuBaHus, peTpOCIIEKTUBHDIE
CE30HHBIE MPOTHO3bI, MHUIINAIABAIIASI.

Baarogaproctu: Pabora BbeimmosHena B MHCTUTYTE BBIYUCIUTENBHON MaTeMATUKH HMe-
uu I'. 1. Mapuyka Poceniickoii akagemun Hayk npu nojgepxke Poccuiickoro Hayasoro dbosma (rpant
25-17-00203), pasuesnnst 3 u 4, u Oruenenus MockoBCKoro nenTpa byHIaMeHTaabHOR 1 IPUKJIIHOI
maremaruku 8 UBM PAH (Cornamenune ¢ Muno6puayku Poccun Ne 075-15-2025-347), pasgen 6.
Bce pacueTs! BBIIOTHEHBI C HCIIOJIB30BAHUEM BBIYUC/IUTENBHOM cucTeMbl VIHCTUTYTa BBIYUCIUTEb-
moit maremaruku umenu [. 1. Mapuayka Poccuiickoit akageMnn HayK W BBITUCIUTETHLHON CHCTEMBbI
Cray XC40-LC I'BII Pocrunpomera.

Husa nurupoBauusi: Tapacesua M.A., Bomogua E.M. IIpumenenne Merona momrajkuBaHus ¢ Ie-
JIBIO TIOJIYY€HUsI HAYAJIBHBIX COCTOSTHUN JIJIsi CE30HHBIX PETPOCIIEKTUBHBIX ITPOTHO30B KJIMMATUIEeCKON
monesn IBM PAH // BeraucsuresnbHbie MeTOBI 1 IporpamMuposanue. 2025. 26, Ne 3. 380-395. doi
10.26089/NumMet.v26r325.
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1. Introduction. The INM RAS climate model (INMCM) is a coupled general circulation model. The
INMCMS5 [1] version of the INM RAS climate model participated in the Coupled Model Intercomparison Project
Phase 6 (CMIP6) [2]. The INMCMS is able to simulate both the present-day climate [1, 3, 4], and its changes [5].
The results of the climate change projections for various scenarios [6, 7] are also in good agreement with the
ones obtained using other CMIP6 climate models [8].

Following the seamless approach [9-11] the systems of seasonal [12, 13] and annual-to-decadal [14] forecast
based on the INMCMS5 system were developed. Both the seasonal [15-17] and annual-to-decadal [14, 18]
prediction systems demonstrate good predictability of the large-scale modes of climate variability and the
Arctic sea ice state. The INMCMSb5 seasonal forecast system was run operationally at the Hydrometcenter of
Russia from November 2023 to December 2024. The annual-to-decadal forecast system based on INMCMS5 is
run operationally at the Hydrometcenter of Russia from November 2023.

Further enhancement of seasonal and annual-to-decadal prediction systems based on the INM RAS climate
model may be related to physical model improvements and development of the initialization techniques. Since
the initial data significantly affects the forecast on the seasonal timescale, in this study we focus on the INMCM5
seasonal prediction system initialization. There is no common recommendation on which initialization method
provides the best seasonal forecast quality, so for each prediction system it is an important research question to
be answered [19, 20]. The development of the INMCMS5 seasonal prediction system started with the anomaly
initialization technique [21], later the full field initialization approach [22] was implemented using the data from
reanalyses ERA5 [23] and SODA3.4.2 [24, 25]. The common problem of the INMCMS5 initialization with anomaly
and full field techniques is that the initial conditions are created using reanalyses data produced by other models.
This may lead to initialization shocks [26], which affect the quality of seasonal predictions. Gradually making
the initialization of the INM RAS climate model seasonal prediction system more sophisticated, in this paper we
implement the nudging (or Newtonian relaxation) technique [27] to produce initial states for atmosphere, land
surface and ocean that are consistent with both observational data and model physics and dynamics. Nudging is
widely used in atmosphere and ocean components of the various decadal prediction systems [28-30]. For seasonal
forecast systems, more complicated data assimilation methods (3D-Var, 4D-Var, Ensemble Kalman filter [31])
are commonly used [32, 33| to produce initial states for each component separately, while NorCPM [19] and
CanSIPS [34] utilize nudging in weakly coupled assimilation systems [35].

We also analyze the climate simulated by INMCMS5 with nudging and then use the initial states from
these experiments to start series of hindcasts for November—March period. The Northern Hemisphere winter
hindcasts are of particular interest due to strong stratosphere impact on the troposphere dynamics [36, 37] and
the greatest remote response of mid-latitudes to the El Nifio-Southern Oscillation phenomenon [38, 39]. We
compare the quality of the obtained hindcasts with those initialized using anomaly and full field initialization
techniques. The goal of this paper is to demonstrate that the proposed relaxation technique for producing initial
states improves the skill of the seasonal hindcasts without requiring large amount of additional computational
resources.

The paper is organized as follows. In Section 2 of the paper a description of the INM RAS climate model
used in this study is given. Sections 3 and 4 describe an implementation of nudging in the INMCMS5 and the
results of the climate simulation with the relaxation applied. Section 5 introduces description of the INMCMb5
seasonal hindcast technology. Section 6 presents the results of seasonal hindcasts obtained using initial states
from different relaxation experiments. In Section 7 the conclusion and discussion of the obtained results are
outlined.

2. The INMCMS5 climate model. The INMCMS5 global coupled climate model [1] consists of the
atmosphere model with an aerosol [40] and land surface [41] modules, and the ocean model [42] with the
module of sea ice dynamics with elastic-viscous-plastic rheology and thermodynamics with single thickness
gradation [43]. The interactive aerosol module describes the evolution of the concentration of 10 substances.
The spatial resolution of the atmosphere model is 2° x 1.5° and 73 vertical o-levels up to o = 0.0002 (about
60 km). The vertical step in the lower and middle stratosphere is close to 500 m, whereas below and above its
value increases to 1000-1500 m. The time step in the atmosphere dynamic core is 3 minutes for this spatial
resolution. The ocean model has a horizontal resolution of 0.5° x 0.25° and 40 vertical o-levels. The time step
in the ocean model is 12 minutes.
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The atmosphere model is based on the following system of equations in the hydrostatic approximation [44]:

e <f+taw>v+aciw(2i’+if?§>:f% Y
it pme)un (55 ) = o ?

T (5 ot a5 ) e )
%:afwfm, (5)
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Here X is the longitude [rad], ¢ is the latitude [rad|, @ is the Earth’s radius [m|, o = p/ps is the vertical
coordinate, p is the air pressure [Pal, ps is the surface air pressure [Pal, ¢ is the time [s], T is the absolute
temperature [K|, u,v are zonal and meridional velocity components respectively [m/s], ¢ is vertical velocity
component [1/s], q is the specific humidity, f is the Coriolis parameter [rad/s|, ® is the geopotential [m?/s?|,
R is the specific air gas constant [J/(kg - K)|, C, is the air heat capacity at constant pressure [J/(kg - K)],
F,, Fy, Fr, F, are the physical tendencies of momentum, temperature and humidity correspondingly, ¢ is the

d
radiative heating tendency, C' and F describes the moisture condensation and evaporation, — is the total time

derivative.
The ocean model solves a set of the large-scale hydrothermodynamic equations in hydrostatic and Boussi-
nesq approximations:

Dyuo — (f + X)voH = —— <I0108(P(,;M) —g?i) + 820 (222) + Fue, (7)
Dwo(f+M%H——(;ﬁggfﬁ—g%>+;l<ggi>+f%, (8)
Z:n;<£ﬁan+%vMﬂ0+Zi7 )
Ee:él(ﬁgi)+pe+m, (10)
Esél(ﬁgi)+ps+&, (11)

p=p0,S,P). (12)

Here = and y are the generalized orthogonal coordinates on a rotated sphere [dimensionless|, z is the depth
coordinate [m|, r, and r, are the metric coefficients [m|, H is the ocean depth at rest [m]|, ¢ is the deviation of
z—=C¢
H-(
) 1 or ory . )
Uo, U and w, are the components of the flow velocity [m/s], x = p— (voaj — uo@y)’ P is the hydrostatic
xh
pressure of the water column [Pa], p, is the atmospheric pressure atJ sea surface level [Pal, 6 is the sea water
potential temperature [°C|, S is the sea water salinity [PSU, practical salinity unit], p is the water density
[kg/m3| governed by equation of state (12), po = 1025 kg/m? is the background density, v, vy and vg are the
coefficients of vertical turbulent viscosity and diffusion respectively [m?/s|, g is the free fall acceleration [m/s?|.
Operators

the free surface level [m|, h = H —( is the effective depth [m], the vertical coordinate o, is given by o, =

] + ! {ryHuoaw + 2 (ryHuo)) + rxHug
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and
~ o) 1 [0 9 A(wor)
Dip = — (ryH — (ryH hl Sd"h 4
v ot T2Ty | O (ry Huot) + oy (reHoot) | + do,
describe advection in a semi-conservative and conservative form, F = —xA* describes 8""-order horizontal

viscosity for velocities with diffusion coefficient x [m®/s] and D describes isopycnic diffusion for tracers, quantities
Fy and Fs stand for physical tendencies for temperature and salinity, including penetrative solar radiance and
fresh water flux.

Xp—X
3. Implementation of nudging. An additional term in form 2872 s added to the right hand side
T

of the prognostic equation for some variable X. This term can be viewed as nudging of the variable X to its
observed value X with characteristic time 7. In other words, variable X is nudged to value Xz. The parameter
T controls the strength of the relaxation. Large values of 7 produce mild corrections of X towards Xz but may
not be sufficient to bring the model trajectory to the observed one. In contrast, small values of 7 couple X and
Xpg tightly, but may break relations between X and other model variables.

Nudging allows to obtain a self-consistent state of the model variables. For example, nudging of the
atmospheric state enables to get a consistent state of such land surface variables as snow water equivalent, soil
temperature and moisture.

In this work, we use reanalyses data as observations because it is a natural source of gridded global data
and do not require additional preprocessing and quality control procedures.

3.1. The atmosphere model. For the INMCM5 atmosphere model we choose to perform relaxation
for the wind velocities and temperature only. The corresponding physical tendencies for the equations (1), (2)
and (4) were replaced with

— UR — U
Fu:Fu+ i ’
Tatm
—~ VR — U
Fv:Fv+ I ’
Tatm
—~ Tp — T
Fr=Fr+ R .
Tatm

Nudging tendencies are computed and explicitly added to the prognostic variables at each dynamical step.
The values of ug, vg and Tg are obtained from the ERAS [23] reanalysis on the 37 pressure levels. Reanalysis
data has 3 hour temporal resolution and is interpolated linearly for the current simulation time. Data is also
linearly interpolated along the vertical coordinate to the model pressure levels at py = psok.

Let us consider the numerical scheme of nudging for the atmosphere model in details. The INMCMS5
atmosphere model uses the symmetric second-order finite-difference approximations for spatial operators in
the system (1)—(6). The temporal discretization employs a splitting technique [45] to separately integrate
different physical processes. Tendencies computed by physical parameterizations, including the nudging term,
are integrated independently of the dynamical core. The core itself integrates the dynamics equations using the
leap-frog scheme with semi-implicit treatment for fast processes.

The simplified numerical scheme [44] of the atmosphere model (1)—(6) can be written as

= n

X" —xn .
= F(x), (13)

Xt o Xty X

A~ Ao(X7) + Ay — (14)

Here X is the state vector, F'(X) stands for the physical tendencies. The dynamical tendencies are made up of
the explicit part A.(X) and the linear semi-implicit part A;X. The latter consists of the terms responsible for
propagation of the gravitational waves. Semi-implicit approach relaxes the Courant’s restriction on the time
step At by a factor of 4-5. For the sake of simplicity the spatial near-pole filtration and temporal Asselin
filtration are omitted from the scheme.

To analyze the stability properties of the scheme, we consider auxiliary scalar model equation & = iwz,
reflecting the skew-symmetrical nature of the dynamics operator. For the model equation the scheme (13), (14)
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results in
" —a"  xp—a" (15)
2At o Tatm ’
ajn""l — fﬁn_l ) B ) $n+1 + i,n—l
A :zwLx"—l—szf. (16)

In accordance with splitting A = A, + As;, the quantity w is splitted into the slow low-frequency part wy and
the fast high-frequency part wg.
Application of the von Neumann stability analysis to the scheme (15), (16) gives

p—1 1
2At o Tatm ’
Y e S
9At —zwLu—i-sziQ .
—n 2A¢
Here p =9 /6", & = 6"1/6™ and §™ is the small perturbation of x™. It immediately follows that y = 1— .
Tatm

We assume that p > 0, which is true when 7,4, > 2At. The second equation reduces to a quadratic equation
of the form £2(1 — iwg At) — 2iwp Atué — (1 + iwg At)u = 0. Its roots are given by

jwr, Aty £+ /D /4 D
€10 = ’le ‘;w N / o7 = @A)+ (1= iwg A (Lt iwn At = (14 (wir A — (wrAtp)?.
- H

When 0 < p < 1, the discriminant D is positive provided that |wyAt| < 1. If D is positive, then |&1| = |€2].
1+ inAt
1-— inAt

The analysis shows that the scheme with nudging is stable provided that |wpAt| < 1 and Tam > 2At.
The first condition is the same that is required for the scheme stability without nudging. The second condition
limits the stiffness of the nudging process and holds in practice.

The characteristic relaxation time 7,¢,, was chosen to be 6 hours. This value provides good agreement
for the nudged fields u, v, T' and their observed values ug, vg and Tg and satisfactory quality of simulation of
other atmospheric fields.

Early attempts included ¢ as a nudged variable, but nudging of ¢ interfered with condensation processes

Moreover, |£1&2| = p=p <1

in the model, leading to large errors in precipitation simulation.
3.2. The ocean model. For the ocean model, nudging is applied only for potential temperature 6 and
salinity S. The physical tendencies in the equations (10) and (11) were replaced by

—1d
—~ Op — 0
Fp=Fy+HE
TOC
—1d
f's = Fg + HM.
TOC

Like for the atmosphere model, the nudging tendencies are computed and added explicitly at each step.
However, the reanalysis SODA3.4.2 |24, 25] provides only 5-day and monthly averaged data. Daily averaging

removes diurnal cycle from the reanalysis data. This is the reason we replace X in relaxation tendency M
with its daily averaged value X" given by:
24 hours
X0 = m X(t— )t (17)
0

Without this correction, the simulation of diurnal cycle would be damped by nudging.
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Let us consider the numerical scheme of nudging for the ocean model in details. Similarly to the atmosphere
model of the INMCMS5, the ocean model also uses splitting by physical processes [42]. The simplified scheme
can be written as

X' —xn .
A = P, (18)
X - X" -n
S =AY, (19)
X+l X" .

Integrating the advection-diffusion processes is done using explicit one-step Matsuno scheme with two stages
given by (19) and (20).
The daily average value (17), used in ocean nudging tendency, is approximated using

M—-1
—1a\"* 1 , 24 hours
X == S X = 20
( M kZ:O At

This averaging leads to the fact that the numerical scheme with nudging actually has M steps.
Similarly to the atmosphere model we apply the scheme (18)—(20) to a scalar model equation & = iwz.
This results in the following difference problem:

A 1 1 N2
n—k
RN (xR ~ ,;_O T > , (21)

Toc
% = iwi", (22)
n+l _ zn
The von Neumann stability analysis of the problem gives the following equations for £ = §"*1/§" and
p=25"/8m
p—1 1 1-¢M
At Mrye 1 —€6-17
& = r(iwAt)p.

Here r(z) = 1+ z + 22 is the stability function of the Matsuno scheme. The equation for ¢ is of M-th degree
and can hardly be solved for £. Instead, let us apply the root locus curve method [46] often used to analyze
stability of multistep methods. Primarily, let us solve the equation for r(€).

B At 1M\
T_€<1_MTOCI§1) .

On the other hand, 7 is related to w by 7 = 1 + iwAt — (wAt)?. Knowing 7, the values of w are given by

i3 —4r
w12 —_— .

2= T oAy (24)

We are interested in which values of w € R belong to the stability region |£| < 1.
The idea of the root locus curve method is to parameterize the border of the stability region || = 1 using
£ = €' a € [0,27]. Taking into account (24), the values of 7(e’®) can be mapped to a pair of w values, resulting

in a pair of parametric curves wy 2(a). The curves (up to At scale) depend only on values of parameters M and
At
N=—.
Toc
Figure 1 shows that the stability region for real values w strongly depends on . For small values of
~v < Yerit the stability region is almost identical to the one of the Matsuno scheme (JwAt| < 1), but for large

values v > 7 it the bordering curves intersect the real axis near the origin, reducing the stability region
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Figure 1. Curves that enclose the stability regions on the wAt complex plane: a) M = 20, v = 0.15;
b) M = 20, v = 0.03. Ticks along the curves indicate the exterior of the stability region. The real valued stability
region for wAt is highlighted using a red segment

dramatically. The reduction becomes even more dramatic if we consider M = 120, which corresponds to the
time step At = 0.2 hour in the INMCMS5 ocean model.
The value v;it can be found numerically from the system describing the real axis tangency condition:

Im w2 (Ma Yerit acrit) = 07

Ow
Im T;(M, Yerit s O‘crit) =0.
The critical value 7t depends on M only. For M = 10 + 1000 the critical value is well approximated by

Yerit A % For M = 120 we obtain e = 5.83 - 10~* and 7, > 68.6 hours = 2.85 days.

When + is subcritical (7o is not too small), the stability condition for the scheme coincides with the one of
the Matsuno scheme |wA¢| < 1 without any nudging. In practice the scheme may be stable even for smaller 7.
if more dissipative physical terms are taken into account.

The characteristic relaxation time 7,. for ocean fields was chosen to be 7 days. Reducing this time to
1 day strongly affects the thermodynamics of sea ice, while increasing it to 14 days leads to noticeable errors
between the simulated and reanalysis fields.

4. Climate simulations under relaxation. To investigate how climate simulation quality depends on
which components of climate system are nudged to the reanalyses data, we conducted the following three
experiments:

1) ATM — relaxation of 3D fields of air temperature, zonal and meridional components of velocity;
2) ATM+0C — combining ATM and relaxation of 3D fields of sea water potential temperature and salinity;
3) FA+OC — ATM+0C experiment, but without relaxation in lower 5 atmosphere levels (o > 0.85) [47].

All relaxation experiments started on January 1, 1990 and ended on December 31, 2020. The experiments
follow the CMIP6 [2] protocol: for years of 19902014 all external forcings are historical and for years of
20152020 forcings are set from SSP3-7.0 scenario [6, 7]. In all experiments 7,4, = 6 hours, 7, = 1 week.

We compare the modern climate simulations obtained in the relaxation experiments with ERA5 [23] atmo-
spheric reanalysis, SODA3.4.2 oceanic reanalysis and CERES-EBAF [48] observations for the top of atmosphere
(TOA) irradiances, and also with the ensemble of the INMCMS5 experiments from CMIP6 (HIST+SSP3-7.0).
This ensemble consists of 15 members of historical experiment (1991-2014) and its extension using the SSP3-7.0
scenario (2015-2020). To eliminate spin-up effects, the comparison is made for period of 1991-2020. The climate
comparison is made on the INMCMS5 model grid for atmospheric fields and on 0.5° x 0.5° latitude-longitude
grid for ocean fields.

Table 1 shows the root mean square error (RMSE) relative to ERA5 and CERES-EBAF data for general
atmospheric fields for HIST4+SSP3-7.0 and all relaxation experiments. We compute RMSE only for those atmo-
spheric fields that are not directly nudged by the relaxation procedures. For near-surface air temperature, sea
level pressure, total precipitation, sufrace temperature, geopotential height at 500 hPa level and longwave cloud
radiative forcing, in all relaxation experiments the RMSE is significantly lower then in HIST+SSP3-7.0 ensem-
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Table 1. The RMSE (averages for 1991-2020) of INMCMS5 relative to the ERAB reanalysis and
the CERES-EBAF satellite data. The best value for each field is highlighted in green

Field HIST+SSP3-7.0 ATM ATM+0C FA+OC
near-surface air temperature, K 1.97 1.52 1.42 1.50
sea level pressure, hPa 1.84 1.63 1.62 1.67
total precipitation, mm/day 1.33 0.93 0.92 1.04
TOA outgoing shortwave radiation, W /m? 12.6 12.4 13.2 13.0
TOA outgoing longwave radiation, W/m? 8.70 6.80 7.50 6.22
surface temperature, K 2.23 1.96 1.75 1.77
humidity at 850 hPa level, 1073 0.68 0.77 0.58 0.63
humidity at 200 hPa level, 1075 0.69 0.62 0.79 0.70
geopotential height at 500 hPa level, m 43.9 24.5 24.4 23.6
shortwave cloud radiative forcing, W /m? 12.1 12.5 12.4 11.6
longwave cloud radiative forcing, W/m? 9.10 5.82 6.12 5.71

ble. Applying relaxation in the ocean model reduces RMSE not only for near-surface and surface temperatures,
but also for humidity at 850 hPa. The experiment FA4+OC demonstrates the least RMSE for outgoing long-
wave radiation and both short- and longwave cloud radiative forcings, indicating improvements in simulation of
cloudiness.

Not only the RMSE decrease is important for good quality of climate simulation, but also how the global
mean model values are close to the reanalysis data. Figure 2 shows timeseries of the global mean annual near-
surface air temperature for the HIST+SSP3-7.0 experiment, for different relaxation experiments and ERA5 data.
The HIST+SSP3-7.0 ensemble simulates the observed trend well, but significantly underestimates the value of
the near-surface temperature. At the same time, in all relaxation experiments the global mean near-surface air
temperature became much closer to ERAb.

As we can see in Figure 2, the global mean annual near-surface air temperature in the ATM+OC and
FA+OC experiments is closer to the ERA5 reanalysis than the one obtained in the ATM experiment. We may

14.75 /\//
14.50 - A
14.25 ]
14.00 1
13.75 1
HIST+SSP3-7.0
13.50 1 —— ERAS
ATM
13.25 1 ATM+0C
FA+0C
1990 1995 2000 2005 2010 2015 2020

Figure 2. Timeseries of the global mean annual near-surface air temperature (°C) in 1991-2020 according to the
HIST+SSP3-7.0 ensemble and the INMCMS5 relaxation experiments. The olive line and olive shaded region are the
mean and standard deviation from the ensemble mean for 15 calculations of the historical experiment with INMCMS5.
The purple line corresponds to ERA5 data. The orange lines denote the different relaxation experiments: dotted line —
ATM, dashed line — ATM+0C, solid line — FA+OC
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conclude that enabling relaxation in the ocean model is crucial to obtain results that are close to reanalysis. The
FA+0OC experiment, where no relaxation is done in the lower 5 vertical levels of the atmosphere, demonstrates the
best simulation of the global mean annual near-surface air temperature, especially after 1995. In this experiment
the lower atmosphere (including near-surface and boundary layers) adapts itself to the ocean surface and the
free atmosphere by means of model vertical processes only. In this case the model is allowed to conform the
atmosphere and ocean model physics, including evaporation, condensation and cloud formation processes, which
probably leads to better simulation of the near-surface fields mean state.

Figure 3 shows the 1991-2020 climatology biases relative to SODA3.4.2 data for sea surface salinity and
zonal averaged sea water potential temperature in HIST+SSP3-7.0 and two relaxation experiments.

The HIST+SSP3-7.0 experiment has the most notable error in sea surface salinity (more than 2.5 PSU)
in the Arctic region and a rather large bias over the Pacific and Indian oceans. The notable bias in sea surface
salinity is also observed in the Atlantic ocean, related to the incorrect Gulfstream separation due to flaws of
vertical coordinate o used in the INMCMb5 ocean model. Applying relaxation only in the atmosphere model
barely decreases the bias of the sea surface salinity in the east of the Arctic region, in the Northern Atlantic
and in the Indian ocean, but the overall bias in the Arctic and Pacific oceans remains notable. The bias for sea
surface salinity decreases significantly only when relaxation in the ocean model is turned on.

For the sea water potential temperature the HIST+SSP3-7.0 experiment shows large bias in the upper
mixed ocean layer both in tropics and mid-latitudes. The greatest underestimation is observed at nearly 100 m
depth in the tropics of the Pacific ocean. In the deep ocean layers the error is concentrated in high latitudes of
the Northern Hemisphere. In contrast with the sea surface salinity applying relaxation only in the atmosphere
model significantly reduces bias of the sea water potential temperature in the ocean upper mixed layer. The deep
ocean temperature bias in the experiment with atmosphere relaxation remains the same as in HIST+SSP3-7.0.
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Figure 3. Biases for sea surface salinity (top row, in PSU) and sea water potential temperature (bottom row, in °C) in
three experiments (1991-2020, relative to SODA3.4.2 reanalysis data): a) ensemble of HIST4+SSP3-7.0 experiment;
b) ATM relaxation experiment; ¢) ATM+OC relaxation experiment
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Applying relaxation in the ocean model eliminates majority of bias in the sea water potential temperature both
in the upper mixed ocean layer and in the deep ocean. Despite this, the bias over the high latitudes of the
Northern Hemisphere, induced by the use of the terrain-following o-coordinate in the INMCMS5 ocean model,
still remains, but its magnitude is substantially reduced.

Summing up the results presented in Table 1 and Figures 2, 3, we may conclude that application of
nudging significantly improves the simulation of modern climate in comparison with HIST+SSP3-7.0. Applying
relaxation in the ocean model is necessary to eliminate the INMCMS5 bias in deep ocean layers. To reduce the
INMCMS5 errors in cloudiness, near-surface and atmosphere boundary layers it is crucial to eliminate relaxation
in the lower atmosphere to avoid distortions of the simulated physical phenomena.

5. Seasonal hindcasts with INMCMS5. When calculating seasonal hindcasts, the INMCMS5 is basi-
cally [13] initialized in terms of anomalies (Anom): reanalyses anomalies are added to the model climatology
obtained by averaging data from the CMIP6 HIST+SSP3-7.0 experiments ensemble. The anomaly initialization
technique is applied to the following prognostic variables of the INMCMb5:

air temperature and humidity;
horizontal components of wind speed;
surface pressure and temperature;
soil temperature and moisture;

snow water equivalent;

sea water potential temperature;

sea water salinity;

sea surface height;

sea ice concentration and thickness.

To create the initial states, the ERA5 data is used for the atmosphere and land surface, whereas the SODA3.4.2
data is used for the ocean and sea ice.

In this study, we apply the reanalyses full field initialization (Full) to the INMCMS5 seasonal hindcasts.
Air temperature and humidity, horizontal components of wind speed, sea water potential temperature and
sea water salinity, sea surface height, sea ice concentration and thickness are set as full fields from the ERA5
and SODA3.4.2 data. At the same time, surface pressure, surface temperature, snow water equivalent, soil
temperature and moisture are still initialized in terms of anomalies to avoid shock from the initial data.

We also use the initial states saved during the climate experiments under relaxation (ATM; ATM+O0C,
FA+0C) to compute seasonal hindcasts. In this case the whole INMCMS5 is initialized with the results of the
relaxation experiments, except for the sea ice concentration and thickness that are set in the full fields of the
SODA3.4.2 reanalysis.

The ensemble of the initial states is generated by introducing a smooth long-wave disturbance with an
amplitude of 0.1 K into the initial state of air temperature at all model o-levels at each point of the model grid.
The ensemble consists of 20 realizations.

The INMCMS5 seasonal hindcasts also follow the CMIP6 protocol: for 1990-2014 all external forcings are
historical and for 2015-2020 forcings are set from SSP3-7.0 scenario.

6. Quality of November—March hindcasts from the relaxed initial states. To study the im-
pact of different initialization methods on the quality of the INMCMS5 seasonal hindcasts, we performed the
following series of hindcasts for the November-March with initial states set using the anomaly initialization
technique (Anom), the full field initialization (Full) and the initial states obtained from the climate experi-
ments under relaxation (ATM, ATM+0C, FA4+0OC). Each series starts on November 1, 1991-2020 and lasts for
5 months.

The temporal anomaly correlation coefficients (ACC) for near-surface air temperature (T2), sea level
pressure (SLP), air temperature at 850 hPa level (T850) and geopotential height at 500 hPa level (H500) are
used to evaluate the quality of the different INMCMS5 hindcast series. The ERA5 reanalysis data is used as
observations. The ACC are calculated from the mean values for December—February 1991,/1992-2020/2021 and
are averaged over the following regions:

Gl — Globe;

NE — Northern Extratropics (20°-90°N);
SE — Southern Extratropics (20°-90°S);
Tr — Tropics (20°S—20°N).
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We also compute the Globe averaged temporal ACC for each hindcast month from November to March. Before
calculating all these scores, the INMCMS5 hindcasts and the ERAS reanalysis data are interpolated to a regu-
lar latitude—longitude 2.5° x 2.5° grid adopted by World Meteorological Organization for long-range forecasts
verification [49].

Here we compare scores of hindcasts series from different relaxation initial states with the Anom and Full
technique. Table 2 presents the temporal anomaly correlation coefficients of the T2, SLP, T850, H500 hindcasts
for the Northern Hemisphere winter season (December—February, DJF) computed using different initialization
methods.

Full field initialization shows notable improvement of ACC for all mentioned variables in all regions except
the Northern Extratropics. The ATM series slightly outperforms the anomaly initialization only in tropics.
When using the initial states from ATM+OC, ACC is similar to that obtained with the full field initialization
and is slightly greater in the Northern Extratropics. Finally, the initialization with FA+OC initial states
provides the highest ACC across all series for all variables and regions except for the Southern Extratropics.
This series also shows the most notable ACC improvement in the Northern Extratropics compared to the full
field initialization.

Figure 4 presents the spatial distributions of the temporal anomaly correlation coefficients for near-surface
air temperature and geopotential at 500 hPa level from Anom, Full and FA+OC hindcast series. The presented
spatial distributions of ACC for near-surface air temperature are very similar.

Meanwhile, a significant increase in ACC for Full and FA4OC initialization is observed over the tropics.
The ACC values for FA+OC are slightly bigger than in Full over the high latitudes of the Northern Pacific Ocean
and the Northern Atlantic. In contrast, the ACC distributions for H500 in Full and FA4OC series notably differ
from Anom, especially in the Atlantic and Indian Ocean tropics, having better correlation in these regions. The
FA+OC outperforms Full over the Atlantic Ocean, the Arctic region and the Northern Eurasia.

Let us now consider the quality of hindcasts for each single month from November to March. Figure 5
presents the globally averaged ACC for sea level pressure and air temperature at the level of 850 hPa obtained
using different initialization methods. For all methods the best forecast quality of SLP and T850 is observed
for the first month and generally the ACC decreases with time. For the sea level pressure the decrease is more
significant than for the air temperature at 850 hPa. Compared to the full field initialization method, all hindcast
series obtained using the relaxation experiments initialization demonstrate smaller ACC for November. The
ATM series shows the ACC that comparable to the anomaly initialization. The ATM+0C and FA4+OC series
demonstrate the highest ACC in February and March among all initialization methods considered.

Table 2. The temporal anomaly correlation coefficients of the T2, SLP, T850, H500 hindcasts (DJF)
over the period 1991-2020 for different regions. The best score is highlighted in green

Anom Full ATM ATM+0C FA+0OC
Gl 0.47 0.51 0.46 0.51 0.51
To NE 0.38 0.38 0.31 0.40 0.42
SE 0.37 0.43 0.39 0.41 0.40
Tr 0.65 0.71 0.66 0.70 0.71
Gl 0.39 0.45 0.39 0.44 0.48
NE 2 2 .22 2 0.33
SLpP 0.26 0.26 0 0.28
SE 0.30 0.38 0.32 0.36 0.39
Tr 0.61 0.70 0.63 0.69 0.72
Gl 0.36 0.40 0.38 0.41 0.42
NE 0.29 0.30 0.26 0.36 0.37
T850
SE 0.26 0.33 0.30 0.29 0.29
Tr 0.53 0.57 0.57 0.57 0.58
Gl 0.49 0.55 0.53 0.54 0.57
NE 0.35 0.33 0.30 0.37 0.41
H500 -
SE 0.38 0.48 0.43 0.44 0.46
Tr 0.74 0.83 0.85 0.83 0.83
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Figure 4. Spatial patterns of the temporal anomaly correlation coefficients for the DJF near-surface air temperature
(top row) and the geopotential height at 500 hPa level (bottom row) in three series of hindcasts:
a) Anom; b) Full; ¢) FA+0C
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Figure 5. Globe ACC for each month of the forecast from Anom, Full and different hindcasts series from initial states
obtained from relaxation experiments for: a) the sea level pressure; b) air temperature at 850 hPa level

Summing up the results obtained both for winter season hindcasts in the Northern Hemisphere with one-
month lead time and for every month from November to March, we may conclude that using the initial states
from relaxation experiments allows to improve results for DJF and every month, except for the first one.
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7. Conclusion. In this work, we implement the nudging technique in the atmosphere and ocean models
of the INMCMS5 global coupled climate model. The numerical stability of the approach was validated against
a model equation and the sufficient conditions for the relaxation parameter were formulated. This is the
first attempt to use a simple data assimilation method for producing initial states for the INMCMSb5 seasonal
hindcasts.

We evaluate the quality of climate simulation in different relaxation experiments to find the optimal
nudging strategy and ensure that no error was introduced during implementation. Application of the nudging
significantly improves the simulation of modern climate in comparison with the free INMCMS5 modern climate
simulation (HIST4+SSP3-7.0). We also found out that using the nudging in the ocean model is necessary to
eliminate the INMCMS5 bias in deep ocean layers. To reduce the INMCMS5 errors in cloudiness, near-surface and
atmosphere boundary layers it is crucial to eliminate relaxation in the lower atmosphere to avoid distortions of
the simulated physical phenomena.

We carry out several series of hindcasts for the 1991/1992-2020,/2021 Northern Hemisphere winter seasons
with the INMCMS5 to study the influence of different initialization methods on the seasonal hindcasts quality.
Results obtained using the initial states from different relaxation experiments we compare with those obtained
using both reanalyses full field and anomaly initialization techniques.

For the DJF hindcasts with one-month lead time, the use of the initial states from relaxation experiments
allows to increase ACC values compared to both reanalyses full field and anomaly initialization. At the same
time, for the first month reanalyses full field initialization still provides the best hindcast quality. Applying
nudging in the ocean model is essential to maintain hindcast skill over longer lead times than when using other
initialization methods. It might be reasonable to use the initial states obtained by nudging for ultra long-range
(e.g. for growing and heating seasons) and annual-to-decadal hindcasts.
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