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Publishable Executive Summary
Although the quality of forecasts in the Arctic is improving it still lags behind the quality of forecasts in the
mid-latitudes. The aim of Task 4.4 was to demonstrate the utility of data collected from INTERACT stations
for evaluating and improving weather forecasts by using it to evaluate forecasts at a number of pilot sites.
To facilitate such comparisons between observatory data and forecast models the concept of Merged
Observatory Data Files (MODFs) and Merged Model Data Files (MMDFs) was recently developed within the
framework of the World Meteorological Organisation’s Polar Prediction Project. In this report we briefly
describe this data concept and provide some examples of the types of analysis one can do with this dataset
to inform the model development process. This analysis is performed on a set of MMDFs for seven forecast
models against a set of prototype MODFs. These were produced as part of the Year of Polar Prediction site
Model Intercomparison Project (YOPPsiteMIP).
In the initial proposal it was proposed that the pilot sites to be used in this report would be Sodankylä
(Finland), Utqiagvic (formerly known as Barrow, USA), Summit (Greenland) and Tiksi (Russia). Unfortunately,
the MODF files for Summit are not yet available, so in this report we present the same diagnostics for another
INTERACT station from Ny-Ålesund, Svalbard.
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1.

Introduction

Although the quality of weather forecasts and climate projections in the polar regions is improving, it still
lags behind the quality of forecasts in lower latitudes (e.g. Jung et al., 2016; Bauer et al., 2016). In the case of
weather forecasting this is partly the result of a relatively sparse conventional observing network (Lawrence
et al., 2019), but polar regions also pose specific challenges for weather and climate models related to the
relatively high frequency with which processes that are historically difficult to model occur. For example,
situations which are prone to high forecast errors such as stable boundary layers (Atlaskin and Vihma, 2012;
Sandu et al., 2013), the occurrence of mixed-phase clouds (Pithan et al., 2014, 2016), and atmosphere-snowice coupling (Day et al., 2020) occur more frequently and are therefore of higher importance in polar regions
than in mid-latitudes.
Although process-focussed multi-model evaluations have been performed for global climate models (Pithan
et al., 2014; Svensson and Karlsson, 2011) historically there has been relatively little effort to evaluate
processes in weather models using in-situ datasets from the terrestrial Arctic and Antarctic, compared to the
situation in mid-latitudes. Studies conducted as part of the WMO’s Polar Prediction Project have started
addressed this gap, focussing on both the large scales (Bauer et al., 2016) and evaluation of standard surface
parameters (Køltzow et al., 2019) focussing on conventional verification. The Year of Polar Prediction site
Model Intercomparison Project (YOPPsiteMIP) was designed to tackle this problem from a different angle:
using observatory data to diagnose the causes of forecast error from a process-oriented perspective, to find
common issues, and provide upstream guidance to model developers into how to improve the
representation of polar processes in models. Because they are initialised from an actual point in time weather
forecasts can be more easily compared with observed timeseries than climate models. Further, since many
climate models are based on global weather forecasting systems, understanding the causes of forecast error
after 1-2 days may help to inform the causes of error in climate models (Rodwell and Palmer, 2007).
To contribute to YOPPsiteMIP, forecasting centres and polar supersites were asked to provide data in a
common file format, with consistent variable naming, units, sign conventions and meta data in order to
facilitate fair comparisons between models and observations and interoperability between different sites to
facilitate process-oriented evaluation. To achieve this, the concepts of Merged Observatory Data Files
(MODFs) and Merged Model Data Files (MMDFs) were developed within the framework of the Polar
Prediction Project (see Section 2 and dedicated paper on the MODF and MMDF concept by Uttal et al., in
prep). The YOPPsiteMIP and MODF/MMDF concepts and the flow of information are incorporated into the
schematic shown in Figure 1.
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Figure 1. Schematic of the YOPPsiteMIP activity.
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The supersites are locations where a wide range of measurements are collected through the full atmospheresurface-snow-soil column. Measured quantities can include (but are not limited to) solar radiation, aerosol
physical and chemical properties, air chemistry, trace gases, cloud properties, water vapor, ozone,
temperatures, winds, surface radiation and turbulent fluxes (Uttal et al., 2015). The observations at these
sites extend far beyond the traditional synoptic surface and upper-air observations traditionally used in the
verification of Numerical Weather Prediction (NWP) systems, and offer opportunities to deepen our
understanding of the physical processes governing the weather and climate in the polar environment and
their representation in forecast models. The processes targeted by the YOPPsiteMIP include the surface
energy budget, turbulence under stably stratified conditions, mixed-phase clouds and coupling between the
atmosphere and underlying snow-covered land and/or ice.
The observatories where MODFs and MMDFs were requested are shown in Figure 2. Files were initially
requested for the YOPP Special Observing Periods (SOP1: Feb–Mar 2018, and SOP2: Jul–Sep 2018, in the
Northern Hemisphere). During these SOPs the observations at many stations were enhanced. For example,
the frequency of radiosondes was doubled at many of the Arctic sites (Lawrence et al., 2019; Bromwich et
al., 2020).

Figure 2. Map of Arctic observatories used in YOPPsiteMIP. The red dots, show the sites that will be
discussed in this specific report.

In this report the YOPPsiteMIP dataset will be described, in its current form, and provide a basic description
of the forecast files that have been archived (to date) at the YOPP portal, hosted by Met Norway, and provide
a summary of the forecasting systems that produced them. Secondly, the paper performs some multi-model
and multi-site evaluation of the forecasts (during the winter SOP (1)) at four observatories that have already
produced prototype MODF files to give an example of the types of analysis that can be done with the dataset.
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These sites are:
1. Sodankylä (Finland): produced by the Finnish Meteorological Institute (FMI)
2. Utqiagvic (formerly known as Barrow, USA): produced by the National Oceanographic and
Atmospheric Administration (NOAA)
3. Ny-Ålesund (Svalbard, Norway): produced by the University of Stockholm (with input from Met
Norway)
4. Tiksi (Russia): produced by NOAA
The examples will focus on the representation of mixed phase clouds, stable boundary layers and the
representation of turbulent surface fluxes. Details of the MODF/MMDF concept and specifics of the data
processing chain related to the production of the MODFs will be published separately.

2.

Model and dataset descriptions

So far six NWP centres have submitted forecasts with seven forecasting systems for SOP1 & 2. Four
of the systems are global: ECMWF-IFS, Meteo-France-ARPEGE, Roshydromet-SLAV and DWD-ICON.
Three are regional: ECCC-CAPS with a pan-Arctic domain and the two versions of the AROME system
with the same European-Arctic domain, one from Meteo France and the other from Met Norway.
The position of the lateral boundaries of the regional systems can be seen in Figure 3.
The forecasts were initialised at both 0 and 12UTC for each day of the SOP. The SOPs covered by
each model are indicated in table 2. The forecast length varies somewhat between each forecasting
system but all forecasts are at least two days long (see Fig 4 & 5). Similarly, the cadence of the files
varies between the frequency of the model timestep (~5-15mins) to hourly aggregated values.
A number of systems (CAPS, SL-AV, ARPEGE, AROME-MF) have also provided multiple grid-points
centred around the station location to enable representativeness of the gridpoint to be studied. The
others provide a single grid-point near to the location of the observatory. The grid resolution ranges
from 2.5km to ~30km
For each forecast cycle, all variables (atmosphere, surface and land-surface) are combined in one
netCDF file following the MMDF format which use the same nomenclature, metadata, and structure
as the MODFs produced for the observatories. The actual variables archived vary from model to
model, but a full list of what was requested can be found in Svensson (2020) The guidelines for
producing the MMDFs (and MODFs) are described in the so-called H-K table (Hartten and Khalsa,
2022). They are available in both human-readable (PDF) and machine-readable (JSON) form. The HK Table relies on standards and conventions commonly used in the earth sciences, including netCDF
encoding with CF Conventions. The prescribed metadata make data provenance clear and
encourage proper attribution of model (and observational) data.
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Figure 2. Map showing the outline of CAPS and AROME-Arctic regional domains (copied from
Køltzow et al., 2019).
Table 1. Summary of forecasting systems

Centre

Model-name

Global/Regional Atmosphere resolution

References/Publications

SOPs in
YOPP
portal

Global: TCo1279 (~9km), 137L

Buizza et al., (2017)

Version 43r3 (SOP1) and 45r1 (SOP2)

(Buizza et al., 2017)

SOP1,
SOP2 &
SOP-SH

Version

ECMWF

IFS

Also documentation

MeteoFrance

ARPEGE

Global:

(Roehrig et al., 2020)

T1198L105 (~10Km in the Arctic)
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MeteoFrance

AROME-Arctic

Regional: 2.5km/ LBCs and ICs from
ECMWF

(Seity et al., 2011)

SOP1 &
SOP2

ECCC

CAPS

Regional: 3km

(Milbrandt et al., 2016)

SOP1 &
SOP2

Initial and LB conditions from the by the
Canadian Global Deterministic Prediction
System (GDPS, Buehner et al 2015)

DWD

ICON

Global r3b07 (~13km); 90 levels

(Zängl et al., 2015)

SOP1 &
SOP2

HMCR

SL-AV (global,
atmosphere
only)

Global: SLAV20, 0.225x(0.16-0.24) lon-lat,
51 levels

(Tolstykh et al., 2018)

SOP1 &
SOP2

MetNo

AROME-Arctic

HARMONIE-AROME cy40h 2.5-km,
Regional, LBCs and ICs from ECMWF

(Müller et al. 2017)

SOP1 &
SOP2

(Bengtsson et al., 2017)

3.

Results

3.1. Standard evaluation/scores
As mentioned in the introduction, supersites allow detailed process-oriented diagnostics to be
performed for the models. However, it is first important to assess what the errors are in a given
location, for standard variables such as 10m wind speed and 2m temperature, and how they change
with the lead-time of the forecast. This first step is important since it can inform how typical errors
at the supersite are of the wider region (when compared to surrounding SYNOP stations) and inform
as to how stationary they are with leadtime. If they are quite stationary one can simply consider a
24hr time range in the forecasts such as T+25 until T+48 (the second day of the forecast), simplifying
the analysis.
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The mean bias and standard deviation of the forecast error are plotted in Figs 4 & 5. The 2m
temperature errors have quite different properties at each site and for each model. The models are
typically too warm at Barrow and Tiksi and too cold at Ny-Ålesund. At Sodankylä there is a distinct
diurnal cycle to the bias, meaning that the night-time temperatures are typically too warm and the
bias is smaller and, for some models too cold, during the day.

Figure 4. Mean bias and standard deviation of the 2m temperature error at various sites for 0z
forecasts initialised during SOP1.
In terms of wind speed the forecasts winds are too fast at Tiksi and Barrow and too slow or too fast
depending on the model at Sodankylä and Ny-Ålesund.
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Figure 5. Mean bias and standard deviation of the 10m wind speed error at various sites for 0z
forecasts initialised during SOP1.
Although there is some sub-daily variability with a diurnal frequency in the mean bias, the size of
the biases does not grow dramatically with time. Two exceptions to this are the SL-AV system and
ARPEGE system (for the Tiksi site only). This means that we can consider a 24hr time range between
the T+25 and T+48 forecast steps (i.e. the second day of the forecast), simplifying the analysis.

3.2. Motivating case studies and diagnostics for the period
3.2.1. Vertical representation of mixed phase clouds (Ny-Ålesund)
In the Arctic during winter the radiation budget, and as a result the atmospheric boundary layer, is
dominated by LW heating and cooling. This is in contrast to the lower latitudes, where solar heating
plays a much larger role. LW radiation is emitted by the surface as a function of temperature and
emissivity. Part of this returns to space, the remainder is absorbed by the atmosphere and emitted
upward and downward. Variations in the downwelling LW are affected by atmospheric temperature
and water vapour, but also on the presence and water phase of clouds (Serreze and Barry, 2009).
As a result it is important to correctly represent air mass and cloud properties and their interaction
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with LW radiation, such as cloud phase partitioning, cloud base height and frequency of cloud
occurrence (e.g. Miller et al., 2018; Shupe and Intrieri, 2004).
To illustrate this, observed and modelled profiles of cloud liquid water and downwelling longwave
radiation at Ny-Ålesund are shown. The beginning of the period is warm and cloudy, since Svalbard
sits in a parcel of warm air that has been advected from the extra-tropics (see Fig 5 of Day et al.,
2019). As this airmass passes it is replaced by a dry, cold and clear polar continental air-mass from
the north. Between the cloudy and the clear period, the downwelling radiation drops from around
300W/m2 to 200W/m2.

Figure 6. Observed (top left) and forecast (bottom three rows) profiles of cloud-liquid-water content
at Ny-Ålesund, Svalbard, for the period 24th Feb to 6th March 2018. The downwelling longwave
radiation timeseries for observations (black) and models (colours as in Fig 5) are shown in the top
left panel. The model timeseries shown are produced by concatenating hourly output from day-2 of
the forecast (T+24-T+47).
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Most of the models do well in capturing this dramatic shift in the downwelling radiation. They do
this despite having very different cloud water phase partitioning and very different cloud base
heights when compared to cloud liquid and ice derived from ground-based remote sensing
(downloaded from the Cloudnet project (Illingworth et al., 2007)). For example, clouds in the
ARPEGE and AROME model contain much more ice than liquid water in contrast to e.g. the IFS. The
models tend to underestimate the downwelling radiation during the period where there is shallow
stratus cloud around the 25th Feb. This underestimation in the radiation in the early part of the
forecast likely contributes to the cold 2m-temperature bias present in all the models (see Fig 8).

Figure 7. Observed and modelled Cloud-ice content at Ny-Ålesund, Svalbard, for the period 24th Feb
to 6th March 2018. The model timeseries shown are produced by concatenating hourly output from
day-2 of the forecast (T+24-T+47).
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Figure 8. Observed and forecast 2m-temperature at Ny-Ålesund, Svalbard, for the period 24th Feb to
6th March 2018. Forecasts initialised on different days are represented in different colours.

3.2.2. Representation of stable boundary layer
One of the benefits of having the MODFs and MMDFs for many different sites is that we can look
for common issues across the Arctic region. One of the meteorological situations which is poorly
represented in models is stably stratified boundary layers (Atlaskin and Vihma, 2012; Sandu et al.,
2013).
To compare the models with observations during stably stratified conditions, we need selection
criteria for sub-setting. To define this, we plot boundary-layer regime diagrams for the four sites we
have MODFs (Fig 9). These 2-D histograms show the strength of the temperature inversion at each
location and the net LW radiation. One can see that temperature inversions tend to be accompanied
by longwave cooling and we select points at each site with inversion strength (delT) larger than 0.5
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and LWnet lower than -20W/m2 (i.e. the points to the bottom and left of the horizontal and vertical
red lines). At all of the sites these criteria select the most stable cases.

Figure 9. Boundary layer regime histograms (net longwave radiation vs the temperature difference
between the top and bottom temperature at the met-tower at each site) for Sodankylä, Ny-Ålesund,
Barrow and Tiksi.
The composite profiles, averaged when the observations meet the criteria set out above, are shown
in Figures 10 and 11. Note that the same times are selected from the forecasts and the observations.
Figure 10 shows the profiles over the lowest 100m of the atmosphere, hence the profiles of
observations from the micro-meteorological tower are shown. Figure 10 shows that, with the
exception of Ny-Ålesund, air temperature and humidity tend to be too high close to the surface.
This error is largest in the 2m level.
At Tiksi, which has the largest inversion depth (up to 1000m), the models are too warm through the
whole inversion depth and do not capture the strength of the temperature or humidity inversion.
Temperature and humidity inversions are also too weak (or not present in the mean model profile)
at Sodankylä and Barrow.
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Figure 10. Mean observed (from micro-meteorological tower) and modelled atmospheric
temperature (left), wind speed (middle) and specific humidity profiles (right) for SBL/LW cooling
conditions. Dots show the mean surface temperature, and the squares show the 2m temperature
(left) 10m wind speed (middle) and the 2m specific humidity (right).
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Figure 11. Mean observed (from micro-meteorological tower [solid line] and radiosonde [dashed
line]) and modelled atmospheric temperature (left), wind speed (middle) and specific humidity
profiles (right) for the lower troposphere during SBL/LW cooling conditions.
At both Barrow and Sodankylä the mean wind speed profiles have a local wind speed maximum
above the first few hundred meters. This general feature is captured by the models, but the speed
in this layer is generally too low in the models at Barrow.
The rate of cooling of the atmosphere during SBLs is intimately connected to the surface energy
budget since LW deficit at the surface must be balanced by the turbulent fluxes from the
atmosphere and conductive heat flux from the snow. This balance can be seen in the observed fluxes
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at Sodankylä, where a radiative deficit (Rnet) of 25W/m2 is approximately balanced by the flux from
the surface (Qnet=18W/m2)) and the sensible heat flux (SHF=8W/m2). Looking across the different
models one can see that the Rnet is typically more than 30% larger, partly due to the warmer surface
temperatures in the model and partly the result of differences in the albedo (not shown). This
difference in Rnet is balanced by larger than observed turbulent fluxes from the atmosphere and
conductive fluxes from the snow.
Table 2. Mean fluxes at Sodankylä during SBL conditions (based on 474 cases). All fluxes are
positive upward.
Obs
IFS
SLAV
ARPEGE ICON
AROME- CAPS
AROMEMF
MN
SHF
-8.2
-20.3
-9.0
-14.9
-17.8
-19.7
-9.5
-17.0
LHF
-0.2
-1.3
3.8
-1.0
-2.6
0.0
1.2
-1.8
Rnet
25.6
44.7
55.3
45.8
42.5
41.0
33.6
37.8
Qnet
18.0
23.1
50.2
29.9
22.1
21.3
25.3
19.1
LWdown 181.7
196.0
205.5
194.8
N/A
197.7
212.2
188.7

3.2.3. Parameterisation of wind stress
The previous examples highlight discrepancies between forecast and observations and provide hints
as to which processes are responsible for the errors present. The observed conditions also provide
multi-variate targets for updated forecasting systems. However, one can also target a specific
processes or parameter to change.
At Sodankylä turbulent fluxes exist as well as profiles of wind speed, temperature and humidity in
the prototype MODF. Turbulent fluxes in the models are parameterised according to MoninObukhov similarity theory (Beljaars and Holtslag, 1991). For example, the surface stress () is
expressed as:
𝜏 = 𝜌𝐶𝑀 𝑈 2
where U is the wind speed at the lowest model level,  is the air density and CM is the transfer
coefficient for momentum. CM is a complicated function of the roughness length and depends on
the atmospheric stability. So the challenge of parameterizing  comes down to defining a reasonable
function and selecting the appropriate parameters. Because we have observed and forecast  and
U, we can check how well this was done in each model by plotting these parameters against each
other (see Figure 12) as done previously by Tjernstrom et al. (2005).
If conditions were always neutral, the points in Figure 12 would sit on the straight line:
𝜏=𝜌

𝑘𝑈 2

,

𝑧1
)
𝑧0𝑚

ln(

where z1 is the height of the lowest model level, k is the von Karman constant and z0m is the
aerodynamic roughness length. The slope of this line is determined only by the roughness length.
However, this is not the case as the atmosphere is often stably stratified and as a result there is
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much scatter in the values of  for any given wind speed. In practice this is taken into account by
adding a stability correction to this function.
Looking at the relationship between  and U (Figure 12) one can see quite different behaviours in
different models and compared to observations. The roughness length for the observations was also
calculated from the previous equation after selecting data for neutral conditions and is presented
along with the values used by each model in Table 3. In the AROME-Arctic and ICON models 
increases too slowly with increasing U. This is consistent with the fact that the roughness length for
momentum is too low in these models, which have a roughness length an order of magnitude lower
than that derived from observations. More generally even the models that correct for stability do
not adequately capture the spread  for a given value of U. This may be because the model
underestimates the atmospheric stability, as is suggested by the too-weak inversions shown in Fig
10. Or it could be a more general issue with the formulation of the stability functions. A more
detailed study would be needed to investigate this.
Interestingly, in the ICON model the points sit on a straight line since the CM used is a neutral transfer
coefficient and there is no correction for atmospheric stability.

Figure 12. Scatter plots of wind stress vs. the square of the near surface wind at Sodankylä. The
observed points are shown in black and the day-2 forecast is shown in colours.
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Table 3. Roughness lengths for momentum at Sodankylä.
Sodankylä
Obs
1.62
IFS
1.82
ARPEGE
1.50
SLAV
1.53
ICON-DWD
0.2
CAPS
Not in file
AROME-Arctic-No
0.45

4.

Conclusions and next steps

Data from Arctic research stations has been under-utilised for evaluating forecast models. This is
partly an issue of interoperability of observational data. Relevant data from different sites is typically
stored in different archives, usually those of the organisation maintaining the site, and there has
been little overlap in the data format, quality control or data processing between different archives.
This has made it difficult to extend analysis, such as the forecast evaluation across different sites.
To address this the MODF and MMDF formats for observational and forecast data have been
developed and described above.
This report documents the current status and presents some multi-model forecast evaluation
examples to demonstrate the utility of the MMDF and MODF approach and identifies issues with
the performance of the models that are common across a number of Arctic locations. This helps to
inform how common they are and provides some guidance of how models can be improved. For
example, the parameterization of momentum fluxes was evaluated at Sodankylä indicating that the
roughness lengths in the ICON and AROME models was too high resulting in unrealistic surface
stresses for a given value of the wind speed.
The development of the MODFs is ongoing and will be completed in phases. The initial phase was
to collect basic meteorology data and potentially turbulent fluxes. Work on this initial phase is still
ongoing but is expected to be finished in advance of the YOPP final summit, to be held in Montreal
in August, where it will be presented. The next phase will be to get more cloud information into the
MODFs. This is more complicated, but very necessary since the models differ hugely in terms of
cloud properties as shown in section 3.2.1.
The next step is then to use the knowledge derived from the diagnostics developed with the
supersite data to motivate and evaluate new development of forecasting systems.
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