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Coupled NWP modelling in polar regions
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Batrak et al. (2019)

Large errors still exists in current NWP systems

• (Near-) Surface temperature over land/sea-ice,  in particular over snow-covered surfaces

• Relevant for reanalysis as well
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Modelling challenges
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Modelling improvements are challenging in polar area

• Range of scales and processes, e.g. ”air mass transformation”

• Mixed phase clouds, stable boundary layers, sea-ice, snow

• Lack of detailed observations of the coupled processes

Pithan et al. (2016, 2018)
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Modelling challenges – Coupled modelling at the surface interfaces

• Snow and sea ice insulate the atmosphere and the 
land/ocean underneath, with large impact on surface 
fluxes

– Thermal/Radiative properties depend on the snow/ice 
characteristics

1350 P. O. G. Persson et al.
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Fig. 6  As for Fig. 5, but showing a isotherms (black; °C); b energy 
budget terms LWd (less 150 W m−2), LWnet, and Fnet; c cloud frac-
tion (%), liquid water path (g m−2) (LWP), and ice water path (g m−2) 
(IWP), and d isotherms in the surface snow and the sea ice (°C). The 

dashed green line in b shows the radiative flux (less 150 W m−2) of a 
black body at −18 °C. The thermal waves in the snow and ice associ-
ated with the mixed-phase cloud events are shown by the red arrows

Content courtesy of Springer Nature, terms of use apply. Rights reserved.

Persson et al. (2017)
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Figure 1. Schematics demonstrating (a) the CICE coupling method; (b) the JULES coupling method. In this figure FSW, FLW, Fsens, and Flat
denote fluxes of shortwave radiation, longwave radiation, sensible, and latent heat, respectively; Fct, the conductive flux from the surface to
the ice; Tair and qair, the temperature and humidity of the lowest atmospheric layer; and Tj and kj , the temperature and effective conductivity
of ice layer j .

proceeds to solve the tridiagonal matrix occasion in the nor-
mal way, except that the top row of the equation is removed;
the downwards conductive flux provided by the surface ex-
change scheme is then used as forcing for the top ice layer.
At the end of the coupling period, the new temperature and
effective conductivity of the top ice layer are passed back to
the atmosphere. This approach is equivalent to placing an in-
terface between JULES and CICE immediately below the ice
surface.
It should also be noted that in HadGEM3, fluxes are al-

ways passed as gridbox means, to ensure conservation. This
point only becomes relevant in 3-D modelling, where sea ice
may cover only part of a grid cell; in this case, the relevant
flux is multiplied by the grid cell ice concentration before
being passed to the coupler for regridding. This is necessary
because of the parallel coupling of HadGEM3 (see Sect. 4.4);
underlying ice concentration may change during a coupling
period, and hence the amount of energy being passed must be
correctly represented by multiplying, effectively, by the area
over which it is valid.

3 Testing the impact of varying resolution on an
idealized solver

3.1 Setup

In this experiment, the penetrating solar radiation term was
ignored, and the ice was assumed to be fresh, in order so the

conductivity and specific heat capacity are constant. The ice
was assumed to be 1m thick, and there is no snow cover.
The diffusion equation was forced at the top of the ice by a
sinusoidally varying heat flux:

Fsfc = ARe(exp i!t) . (12)

There exists an exact analytical solution to the diffusion
equation with this surface forcing, for an infinitely deep ice
cover (after Best et al., 2005):
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⇢c! is the e-folding depth.
This analytical solution was compared to the solution from

the CICE temperature solver under six different conditions,
summarized in Table 1. In these experiments, the time step
length, coupling period length and vertical resolution were
varied, from extremely low values designed to give results as
close as possible to ground truth, to higher values considered
to be typical of coupled model experiments.

3.2 Results

Figure 2 displays the simulation of two key variables by the
temperature solver: the surface temperature, and the temper-
ature at a depth of 0.125m (roughly analogous to the top

Geosci. Model Dev., 9, 1125–1141, 2016 www.geosci-model-dev.net/9/1125/2016/
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West et al., GMD (2016)

• Different earth system components (e.g. atmosphere, sea-ice):
– Which variables and where do we couple?

– How do we initialize them consistently in NWP?

Moist intrusion
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Summer 2016 Winter 2017/2018
• better coverage from 

polar orbiting satellites 
than anywhere else

• more challenges with 
their use 

• model errors
• radiative transfer 

modelling

• more data rejected for 
tropospheric channels 
in winter, in particular 
over snow and sea-ice

NOAA-15 
AMSU-A channel 5
(peaks 500-700hPa)

Needs for modelling surface energy balance

First guess 
departure 
(Obs – FC)

Number of 
satellite 
observations 

Lawrence et al, ECMWF, 
TM845, 2019

Errors in the surface (skin) temperature, may affect the uptake of satellite observations 
(together with other sources of errors, e.g. observation operator)
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New multi-layer snow scheme:
• Targeted for cycle 48r1 

(2022/2023)
• 5-layer snow scheme
• Prognostic liquid water content
• Improved snow physics

Journal of Advances in Modeling Earth Systems 10.1029/2019MS001725

Figure 1. Schematics of the (a) single-layer and (b) multilayer snow schemes; (c) idealized time series of snow depth
accumulation and ablation (continuous line) with the vertical discretization used in the multilayer scheme (dashed
lines). The list of symbols used is also reported.

2.2.2. Changes in the Snow Physics Parametrizations
In addition to the structural aspects described in section 2.2.1, ML differs from SL also in the parametrization
of the following physical processes:

(I) The heat conductivity is parametrized using the formulation of Calonne et al. (2011) and taking into
account the water vapor diffusion effects, following Sun et al. (1999).

(II) Transmission of solar radiation decreases exponentially with depth, and it is parametrized using a
formulation adapted from Jordan (1991);

(III) Density variations due to wind transport (snowdrift) are taken into account, in addition to the other
compaction processes. This can be particularly effective for polar snow, for which snow temperature
is extremely low throughout the winter and compaction due to other processes is limited (Brun et al.,
1997; Decharme et al., 2016). Wind-driven compaction is parametrized using a mobility index combined
with a wind-driven compaction index, following Decharme et al. (2016).

(IV) The basal heat resistance (rso) is computed using a new physical formulation using the snow and soil
thermal conductivities.

The description of these parametrizations is reported in detail in Appendix A.

3. Evaluation of the Offline Simulations at the ESM-SnowMIP Sites
A key aspect of the evaluation of snow models (and more generally of land surface models) is to separate
the uncertainties and errors due to the forcing fields (e.g., the precipitation) to the ones associated to the
physical parametrizations of the model.

ARDUINI ET AL. 4690
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ARDUINI ET AL. 4690

Over land:

How are cold surfaces modelled in the ECMWF IFS land-surface model?

Arduini et al., JAMES 2019; 
Boussetta et al., Atmosphere, 2021

Soil top layer

Single-layer 
snow



Impact of multi-layer snow modelling on snow depth in land-surface only (offline) 
simulations
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Reduced RMSE Increased RMSE

Snow depth

• Offline: land-surface model driven by ERA5 meteorological forcing

• Evaluation using global synop network of snow depth observations, 2014 to 2018

Time-series from avg of synop stations

General improvement of snow depth with the  
multi-layer snow scheme over the NH in 
offline simulations



ML snow reduces bias
8

• Evaluation using Snow Water equivalent Copernicus GLS product

• Comparison for shallow snowpack and for the accumulation period (Dec/Jan) for 3 years
SWE bias (mm) control Single-layer

SWE bias (mm) snow multi-layer

Impact of multi-layer snow modelling on snow mass in offline simulations

Large positive biases over North 
America, Scandinavia, Rockies; 
negative biases in central Siberia

Multi-layer snow has small but 
positive impact (North America)

How much can we trust the SWE 
product?

Absolute bias difference (ML)-(SL)
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Impact of multi-layer snow modelling in coupled land-atmosphere forecasts

• Forecasts with current single-layer snow scheme show 
widespread positive (warm) bias in minimum T2m 

• Improved simulation of cold episodes with multi-layer 
snow

Absolute bias difference T2m
(multi-layer snow) – (single-layer snow) Bias minimum 2-metre temperature (T2m)  

single-layer snow (CTL) against obs

Coupled forecasts for winter 2016/2017 (December to February), t+24 hours,
Initialised from ECMWF operational analysis

ML snow reduces bias
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Impact of multi-layer snow modelling in coupled land-atmosphere forecasts

Temperature profile within the snowpack for 
Jan-Feb 2017 at Sodankyla, Finland

Obs
Single layer snow
Multi layer snow

J. Day & G. Arduini
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snow

soil

atmosphere

Improved simulation of snow internal 
temperature/density gradients

Ø Coupling to snow emission models, see 
Hirahara et al., Rem. Sens. 2020 

Absolute bias difference T2m
(multi-layer snow) – (single-layer snow) 

Bias minimum 2-metre temperature (T2m)  
single-layer snow (CTL) against obs
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SST,Sea ice 
(OCEAN5)

Atmosphere

Waves

Background FC:   
Coupled model

Separate analyses

Land: 
snow and ice

Atmosphere
4D-Var

Coupling approach of different Earth System Components 
in the ECMWF IFS

Land:
Snow OI & 
SoilMoist SEKF

Wave OI
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Snow data assimilation and observations

GTS Snow depth (e.g., availability for 15 January 2020)

SYNOP TAC SYNOP BUFR  national BUFR data

12

NOAA/NESDIS 
IMS Snow extent data

http://nsidc.org/data/g02156.html

Data Assimilation: de Rosnay et al SG 2014

• Optimal Interpolation (OI) is used to optimally combine the model first guess, 
in situ snow depth and IMS snow cover

• No variations in the algorithm with the multi-layer snow, analysis performed 
using the total snow depth
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Multi-layer snow impact in the snow data assimilation system
Winter 2019/2020, 3 months analysis, compared to analysis using the single-layer snow scheme

FG departure, normalised difference RMSE

~2-3% reduction of snow 
depth FG departure

RMSE diff in AN increments of snow depth for Jan 2020, 06UTC/18UTC

cm

2019-12-01 2020-03-01

M
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sn
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ML snow better

General reduction of 
analysis increments
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Impact on snow depth in forecasts initialized from analysis using the multi-layer snow 
Winter, 3 months (DJF 2019/2020), verification with synop observations. 

FC at DAY 5, 00UTC

20
Multi-layer (ML)
Single layer (SL)

10

0

-10

St
at

is
tic

 v
al

ue
 (c

m
)

Positive impact on snow depth 
in medium-range FC in North Hemisphere

Snow depth bias reduced at day 5 and day 10

Boxplot of bias distribution of the synop
stations used for the evaluation 
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How are cold surfaces modelled in the ECMWF IFS land-surface model?
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Over sea-ice



October 29, 2014

How are cold surfaces modelled in the ECMWF IFS land-surface model?
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Over sea-ice
• 4-layer thermodynamic ice-scheme, no snow on top 

• Ice fraction from sea-ice model (LIM2) coupled every 
coupling step 

4-layer ice 
no snow

Single layer 
snow

Two ice 
layers

LIM2

Ice fraction

NEMO

Ice fraction

dt_coup

Keeley and Mogensen, ECMWF, 2018

HTESSEL



October 29, 2014

Testing the impact of snow over sea-ice in the ECMWF IFS
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Arduini et al. 2021 (submitted to JAMES)

• Accounting for the thermal effect of snow on top of sea-ice in the IFS 
• Coupling of ice fraction and snow depth from LIM2

4-layer ice 
no snow

Multi-layer or single-layer 
snowpack

4-layer ice

Single layer snow

Two ice 
layers

LIM2
NEMO

Ice fraction+ 
snow depth

dt_coup
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Evaluating the impact of snow over sea-ice in the ECMWF IFS
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• General reduction of the bias in 
snow on ice experiment compared 
to satellite product

• Are the biases reduced for the right 
reason? 
• Compensation between snow and  

sea-ice (e.g. thickness)

• How good is the snow depth 
represented on a pan-Arctic scale?

• What is the uncertainty of 
the satellite?

Arduini et al. 2021 (submitted to JAMES)

• Evaluation using surface temperature from Copernicus Marine Environmental Monitoring Service (CMEMS) 
• Coupled ocean-atmosphere forecasts at day 2 and 5 for Winter 2015 

TSK no snow 
day2

TSK multi-layer 
day2

Snow depth LIM2 
day2

TSK no snow day5 TSK multi-layer 
day5

Snow depth LIM2 
day5
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Evaluating the impact of snow over sea-ice in the ECMWF IFS, good case
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• Accounting for snow over sea-ice 
improves the match of the short-range 
FC to in-situ observations

• Variability of surface temperature  
more consistent with observations

• Satellite observations of Tskin hardly 
show the in situ variability

Skin temperature 

Arduini et al. 2021 (submitted to JAMES)

Obs in-situ
Obs satellite
Ctl (no snow) Multi layer snow

Evaluation using in situ observations from N-ICE2015 campaigns and co-located CMEMS satellite 
observations, Jan/Feb 2015

Warm air intrusion
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Evaluating the impact of snow over sea-ice in the ECMWF IFS, less good case
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Skin temperature 

Arduini et al. 2021 (submitted to JAMES)

Obs in-situ
Ctl (no snow)
Multi layer snow

Evaluation using in situ observations from SHEBA campaign, January 1998 
à no satellite observations 

• Accounting for snow over sea-ice improves 
skin temperature in certain situations but 
degrades in others

• Errors in skin temperature linked to large 
underestimation of LW down, e.g. errors in 
mixed-phase clouds

• Compensating errors between rapidly 
changing LWdown (e.g. cloud cover/phase) 
and surface response, degrading the skin 
temperature in the experiments with snow

Longwave down

Improvement

Degradation

Warm air intrusion
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Impact on Arctic winter states – SHEBA case
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Cloudy state

Clear-sky state

• Arctic boundary layer is preferentially in two states –
cloudy and clear-sky states (see Pithan et al. 2016)

• No-snow experiment shows little sensitivity in 
temperature inversion to net longwave variations

• Accounting for snow over sea-ice enables a better 
description of the clear-sky state and atmospheric 
inversions

CTL; no snow 

Isothermal Stably-stratified

Snow on ice
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• Improving coupled modelling of snow and sea-ice can also enable to improve our use of 

microwave satellite observations in the polar regions (”all-sky”, ”all-surface” assimilation)

• Multi-layer snow model targeted for operational implementation in IFS cycle 48r1 (2022/2023) 

improves the snow representation and near-surface temperature biases over cold surfaces

• Accounting for snow over sea-ice can help in addressing biases in surface temperature

• How do we initialize those components in a coupled NWP system, e.g. snow depth/cover over sea-ice?

Ø Benefitting from future satellite missions, e.g. CIMR?

• Challenges related to compensating errors between cloud and surface processes: having confidence that 

our model developments bring the model closer to observations for the right reason is crucial
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Summary and additional thoughts



October 29, 2014

Extra slides
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Impact on T2m in ensemble forecasts (8 members) – Fraction of CRPS err > 5K

DAY 5 Rel.Difference RMSE (ML-SL) Frac. 
CRPS>5K

ExTrop -2.2% -4.8%
Arctic -3.9% -7.2%
Europe -0.7% -2.8%

Winter, DJF 2019/2020
FC initialized at 00UTC from analysis using consistent snow scheme 
(multi-layer or single-layer)

Thanks to Thomas H. for the 
maps and statistics

Day 5 (t+120)
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HTESSEL coupled to CAMA-Flood river-discharge for hydrological studies

25

Models and coupling

3

HTESSEL: ECMWF land-surface model 
CaMa-Flood: Global hydrodynamic model

1-way coupling: 
HTESSEL -> CaMa: Surface & sub-surface runoff 
& potential inland water evaporation

2-way coupling: 
HTESSEL -> CaMa: Surface & sub-surface runoff 
& potential inland water evaporation
CaMa-HTESSEL -> Flooded area fraction

HTESSEL driven by ERA5
meteorological forcing

Runoff

River discharge observations from GRDC network 
(colours indicate number of years with data)

Sub-surface runoff

Coupling river-discharges allow using in-situ EO of river discharge to inform land-
surface model developments on the impact on the hydrological cycle

Size of circle = catchment size

CAMA-Flood river routing 
scheme

In preparation for 
SWOT Mission
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• More catchments show improvements, in particular over Rockies and mid-latitude Eurasia 

• However many catchments in high latitude show lower KGE/correlation than the single-layer 
snow experiment (Siberia and Alaska, e.g. permafrost regions)

Zsoter, Arduini et al. in preparation

Evaluating land-surface model developments with hydrology, 
the example of the multi-layer snow scheme 
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Decreased discharge peak 
in snow ML (dashed)

River discharge

0 50 100 150 200 250 300 350

Days of the year

Evaluating land-surface model developments with hydrology, 
the example of the multi-layer snow scheme 

Volumetric soil moisture

• In permafrost areas, the increase in water 
infiltrating into the soil due to warmer soil 
temperature in snowML, amplifies 
pre-existent biases in the river discharge.

Zsoter, Arduini et al. in preparation

350

Soil Temp with multi-layer is warmer 
than in CTL in winter/spring

Soil temperature time-series 
for Kolyma river catchment

More water infiltrating into the  
soil in snowML (dashed lines)
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Optimising land-surface model developments with hydrology, multi-layer snow and 
frozen soil example 
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ML-opt; R=0.64, KGE=0.62

ML; R=0.56, KGE=0.35

SL; R=0.58, KGE=0.44

Sensitivity to frozen soil, snow discretization and snow 
density parametrization indicate an improvement of 0.27 
in KGE for ML-Opt compared to standard ML over Siberia

Sensitivity to permafrost-related parameters 

Zsoter, Arduini et al. in preparation

Optimising parameters related to the frozen soil –
snowpack interaction for better runoff
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Surface processes in a “bad” 
catchment

Kolyma river catchment 
(Russia)

Snowmelt (May-June)

Decreased discharge peak in 
snow ML (dashed)

Daily climate means

More water in soil

Much 
decreased 

surface runoff
Increased sub-

surface runoff, but 
with delay

0 50 100 150 200 250 300 350
Days of the year

Too much melt water infiltrating into the soil 

Soil temperature in permafrost regions 
too warm with multi-layer snow?

Soil Temp with multi-layer is warmer 
than in CTL in winter/spring

Soil temperature time-series 
for Kolyma river catchment
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Impact on Arctic winter states – N-ICE2015 case
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Cloudy state

Clear-sky state
• Arctic boundary layer is preferentially in two states –

cloudy and clear-sky states (see Pithan et al. 2016)

• No-snow experiment shows little sensitivity to net 
longwave variations

• Accounting for snow over sea-ice enables a better 
description of the clear-sky state and atmospheric 
inversions

Cloudy state



Role of Resolution, snow model, land DA
on global snow mass reanalysis
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• HTESSEL (ERA5land): no DA, high res., single-layer snow

• HTESSEL SL: no DA  as E5L but @E5 res. à res impact

• HTESSEL ML: à no DA , snow ML impact (on SWE)

• ERA5 snow: Land DA but no IMS snow cover à insitu snow
DA impact (vs HTESSEL SL) and IMS snow cover impact (vs 
ERA5)  

• ERA5: DA of in situ + snow cover (IMS) à spurious step 
decrease in snow in 2004 (also reported in Zsoter et al. 2020, 
Mortimer et al. 2020) ERA5

SL snow, Full DA

ERA5Snow
SL snow Full DA, no IMS

HTESSEL (ERA5-Land) 
SL snow, no DA

Global (land only, no glaciers) 
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TL639

TL639

Tco1279
TL639
TL639HTESSEL 

SL ML snow, no DA

DA 
impact

Courtesy of Patricia De Rosnay

DA impact = (snow model errors?) + (precip errors?)

Snow melting? Snow density? 


