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Use of observations in the Arctic c ECMWF

Abstract

In this report we present an assessment of the use of atmospheric observations in the Arctic, and
their impact on the ECMWF analysis and short-range forecasts, for recent summer and winter
periods. This is based on a number of available diagnostics from the ECMWF operational data
assimilation system, such as analysis increments, observation departures, Forecast Sensitivity to
Observations (FSOI) and Ensemble of Data Assimilation (EDA) spread-skill relationship. This work
was carried out in the context of the APPLICATE Horizon-2020 project with the aim of guiding the
design and complementing the results of Arctic Observing System Experiments (OSEs).

This assessment has highlighted both the impact of Arctic atmospheric observations and the
challenges related to their use. The polar regions are a particularly data-rich area in terms of satellite
sounding observations from polar-orbiting satellites, whereas conventional observations are sparse
north of 70N. However, the assimilation of lower tropospheric sounding satellite channels from
polar orbiting satellites is more challenging in the Arctic region, especially during winter. This is
due to the fact that model errors are larger and that there are larger errors in the radiative transfer
model used to assimilate the satellite radiances over snow and sea-ice. For instance, mean
differences between surface-sensitive microwave observations (including AMSU-A channel 5 and
all MHS channels) and short-range forecasts are larger over snow and sea-ice. A proportion of this
can be linked to errors in the specification of the surface characteristics in the radiative transfer
model, even though model biases also contribute. Fewer observations are therefore assimilated from
these channels in winter periods, and when these data are assimilated the forward model has a higher
uncertainty. Uncertainties in the specification of surface contributions in the radiative transfer also
affect the infrared observations, leading to a more difficult detection of clouds.

In addition, our assessment shows that background errors used in the analysis over the Arctic are
likely to be under-estimated for the lower troposphere and the upper-troposphere lower-stratosphere
during the winter season. To improve the use of satellite data in the troposphere, improvements in
the forward model and/or cloud detection would be needed, whereas to improve the use of near-
surface data, it would be necessary to increase the background errors to avoid limiting the
adjustments observations can make to the short-range forecasts in this area during the assimilation.
Overcoming the challenges relating to the use of Arctic observations in winter, which are not
insurmountable but require a sustained effort, would lead to better analyses and weather forecasts,
but also better atmospheric reanalyses.

An initial assessment of the impact of Arctic atmospheric observations on global short-range
forecasts has been performed using adjoint-based techniques (FSOI). This suggests that
conventional Arctic observations appear to contribute the most to reducing the global short-range
forecast error during winter, while microwave observations from polar orbiting satellites contribute
the most in summer. A separate report will summarise results from observing system experiments
that assess the impact of withdrawing selected observing systems from the polar regions.

1 Introduction

APPLICATE (Advanced Prediction in Polar regions and beyond: modelling, observing system design
and LInkages associated with a Changing Arctic climaTE) is a Horizon-2020 project running from 2016
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to 2020 with participation from 16 partners across Europe including ECMWF!. The overarching mission
of APPLICATE is to develop enhanced predictive capacity for weather and climate in the Arctic, and
to determine the influence of Arctic climate change on Northern Hemisphere mid-latitudes, for the
benefit of policy makers, businesses and society.

The work presented in this technical memorandum was carried out as a deliverable for Task 4.1 of
APPLICATE, entitled ‘Initial assessment of the added value of observations in existing long time-series
datasets’. This is a stepping stone towards achieving the overarching goal of Work Package 4 (WP4)
(‘Support for Arctic observing system design’), which is to provide guidance for a better exploitation of
observational datasets and for the optimal design of the future observing system in the Arctic region.
The focus of Task 4.1 is on assessing existing state-of-the-art operational analyses (which provide the
initial conditions for weather prediction, see Sect 3 for more details) and long-term reanalyses. As part
of this work, we present here an in-depth assessment of different aspects of the European Centre for
Medium-Range Weather Forecasts (ECMWF) operational Numerical Weather Prediction (NWP)
system in the Arctic including an assessment of changes in the quality of the analysis over time, and the
use of Arctic atmospheric observations in data assimilation. We aim to understand:

1. What is the quality of existing atmospheric analyses (and reanalyses) in the Arctic?
2. What is the added value of the current atmospheric observing systems?

The work presented here supports Arctic Observing System Experiments (OSEs) to be performed at
ECMWEF in APPLICATE and in the framework of the Year of Polar Prediction (YOPP), which will help
assess the importance of existing Arctic observing systems for short to medium-range predictive skill..
For example, the assessment of the use of observations in the Arctic provides guidance for which OSEs
to run for the Arctic, and the analyses presented here are designed to aid the interpretation of results
from these OSEs.

This report is organised as follows. Section 2 presents an analysis of the quality of operational weather
forecasts (with a focus on short to medium-range), analyses and reanalyses over time in the Arctic
compared to the extra-Tropics. This is important as these long time-series datasets are used for
documenting the variability of the Arctic climate. Furthermore, numerical experimentation based on
numerical weather systems (Arctic OSEs) will later be used to derive conclusions about the optimal
design of the future Arctic observing system. Such an assessment is more robust if we can have
confidence in the quality of the analysis and forecasts in the Arctic.

Section 3 describes the assessment of operational atmospheric analyses used as initial conditions for the
weather forecasts performed by ECMWF. Advanced data assimilation diagnostics are employed to
evaluate key components of the data assimilation system and to assess the role of observations in
improving the initial conditions and thereby forecast skill in Arctic regions (with a focus on short to
medium range).

! https://applicate.eu/
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Section 4 summarizes the most important findings of the work undertaken and draws recommendations
for future reanalysis and for the set-up of OSEs.

2 Better Forecasts, Analyses and Reanalyses in Arctic regions

NWP systems used to produce weather forecasts, analyses and reanalyses have greatly improved over
the last decades. Advances in NWP represent a quiet revolution because they have resulted from a steady
accumulation of advances in science (numerical techniques, physical parameterizations, data
assimilation methodologies), utilisation of observations and supercomputing capacities and technologies
(Bauer et al., 2015). The accuracy of medium-range weather forecasts in the ECMWF Integrated
Forecast System (IFS) has increased in the mid-latitudes by approximately one day per decade, making
today’s forecasts of the weather six days ahead as good as forecasts four days ahead were twenty years
ago (Bauer et al., 2015).

Recent evaluations performed at ECMWF have shown that the accuracy of medium-range weather
forecasts in the Arctic has increased at a similar pace as in the mid-latitudes, albeit remaining generally
lower (Figure 1a) when applying WMO standard skill metrics (see also Bauer et al. 2014). This is partly
the result of the quality of the initial conditions of weather forecasts having also increased over time in
the Arctic. This is suggested by the fact that the gap between the mid-tropospheric analyses from
different operational NWP centres are in a much better agreement with each other over the Arctic than
15 years ago (Figure 1b).

The lower forecast skill in the Arctic (Figure 1a) is likely to be related to known challenges at high
latitudes in all key aspects of NWP: coupled modelling, data assimilation and the effective use of
observations. Indeed, model errors are large, typically in aspects related to the representation of stable
boundary layers, mixed-phase clouds, snow and sea ice, as well as the coupling of these different
elements. Moreover, in-situ observations are sparse, and while satellite radiance observations from polar
orbiting satellites are plentiful, some are more difficult to use in data assimilation due to specific
problems related to cloud detection and radiative transfer modelling over snow and ice surfaces, and
limited vertical resolution provided by satellite soundings in the shallow polar atmosphere. In Section 3
we discuss some of these observation-related challenges and evaluate the performance of some of the
key components of the ECMWF data assimilation system (used to produce initial conditions, i.e.
analyses, for the operational medium-range weather forecasts), with a particular focus on the Arctic.
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Figure 1 a. Evolution of the anomaly correlation of 500 hPa geopotential height at forecast day 5
(against the analyses from which the forecasts are initialized, at the forecast verification time, i.e.
0UTC), for the Northern Hemisphere (red) and for the Arctic (blue) (60-90N) in the ECMWF
operational system. b. Evolution of the root mean square differences in 500hPa geopotential
height in the Arctic between the operational analyses of various NWP centres: NCEP-ECMWF
(dashed green) and UK MetOffice - ECMWF (blue).

Atmospheric reanalyses over the Arctic have similarly improved over the last decades, benefitting from
the enhancements seen in operational NWP systems, and reanalyses such as the latest ERAS produced
by ECMWF for the Copernicus Climate Change Service (C3S; run at 32 km resolution) can now be
used to monitor the Arctic climate and how it is changing. Figure 2 illustrates, as an example, that the
representation of one of the key features of the Arctic climate, the Sudden Stratospheric Warmings
(SSW) have massively improved in ERAS with respect to ERA-Interim (the previous ECMWF
reanalysis; Dee at al. 2011). This improvement is primarily due to changes to the semi-Lagrangian
advection scheme (Diamantakis, 2014), demonstrating that the quality of a forecast model is key for the
effective use of observations in data assimilation, and thus highlights the intimate link between
modelling and data assimilation.
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Figure 2 Comparison of microwave radiances measured by the NOAA-15 satellite and equivalent values
simulated using the temperature fields of ERA-Interim (blue) and ERAS (red). The standard deviation of
differences is shown for channel 13 (53 GHz) which is primarily sensitive to altitudes around 5 hPa. The
large values (spikes) in this time series correspond to Sudden Stratospheric Warming events. It appears the
differences between the observed and simulated radiances decreases dramatically in ERA5 compared to
ERA-Interim for these events.

3 Assessment of operational atmospheric analyses and observation
impact in the Arctic

The accuracy of the initial conditions is one of the key factors contributing to the skill of weather
forecasts over a range of timescales (hours to months). These initial conditions are produced with
comprehensive data assimilation systems, which cover a time window (12 hours for the operational
ECMWEF system) along which they optimally combine the available observations with short-range
forecasts to produce a best estimate of the state of the atmosphere (and ocean including sea ice). This is
called the analysis. Observations are thus used to correct forecast errors, leading to increments in state
variables such as temperature, wind, humidity and geopotential height. This process relies on the
observations and their usage (including forward modelling performed with observation operators and an
observation bias removal or correction) and a weighting of the observations and short-range forecasts
(or background hereafter) by the respective observation and background error covariance matrices. This
process also relies on the quality of the forecast model because a good model can exploit the
observational information more effectively. In a four-dimensional data assimilation system (4D-Var)
such as the one used at ECMWF (Rabier et al., 1998), the assimilation process also relies heavily on the
quality of the tangent-linear and adjoint versions of the forecast model (Janiskova and Lopez, 2013).

As mentioned above, Arctic regions pose specific challenges for modelling, observation usage and data
assimilation. It is therefore important to understand whether existing observations are used effectively,
whether the weighting between observations and background is suitable in polar regions, and how much
existing observations contribute to reducing forecast errors in the current NWP systems given imperfect
models. To answer these questions, an assessment of the operational ECMWF analyses and short-range
forecasts in Arctic regions was carried out at ECMWF in the framework of APPLICATE for several
winter and summer seasons.

Technical Memorandum No.845 5
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This section summarizes this work, being structured as follows: After outlining a few details regarding
the operational ECMWF forecasting system, we present an overview of the usage of atmospheric
observations (conventional and satellite) in the Arctic highlighting some known issues with their use in
these conditions, and we discuss one of the key elements controlling the weight given to the observations
in the data assimilation process (namely the background forecast errors characterized by the spread of
the Ensemble of Data Assimilation (EDA); see Sections 3.1 and 3.3). We then employ operationally
available statistics and diagnostics from the data assimilation system such as increments, departures,
Forecast Sensitivity to Observation Impact (FSOI; Cardinali 2009) to gain insights about the added value
of current observing systems, and more particularly about their role in reducing forecast errors in the
short-range. The results presented here focus on a few selected recent seasons (June to August 2016 and
2017 and December to February 2017-2018).

3.1 ECMWEF operational analyses and medium-range weather forecasts

ECMWEF is currently producing global operational deterministic analyses and forecasts up to 10 days
ahead at a resolution of ~9 km horizontally (since May 2016) with 137 levels in the vertical. ECMWF
also produces ensemble medium-range forecasts (at a resolution of ~18kmup to 15 days ahead), monthly
and seasonal forecasts (at a resolution of approximately ~32 km), all initialized from the deterministic
analyses supported by background error statistics produced by the EDA. In this report, the focus will be
on the operational deterministic analyses and short-range forecasts.

The ECMWF analyses and forecasts are produced with the Integrated Forecasting System
(https://www.ecmwf.int/en/forecasts/documentation-and-support/changes-ecmwf-model/ifs-
documentation), which relies on a 4D-Var data assimilation method (Rabier et al., 1998). Over 40
million atmospheric observations sensitive to temperature, humidity, clouds, wind, and ozone are
routinely assimilated globally in each assimilation cycle of this 4D-Var data assimilation system,
including both conventional and satellite data (described in more detail in Sect. 3.2).

The weighting of observations and background (short-range forecasts) in the (12 hour) assimilation
window in the deterministic analyses is determined by the modelling of the background error together
with the assigned observation errors. The balance between both errors affect the observation impact, as
the weighting of the observations will be suboptimal if the errors are not assigned appropriately.
Furthermore, satellite radiance observations are sensitive to broad atmospheric layers and the
background error covariances play an important role in the height distribution of increments due to these
observations. A good background error specification is essential for a successful assimilation of
observations.

In the ECMWF system flow-dependent background errors are described using a 25-member Ensemble
of Data Assimilations (EDA) (Isaksen et al., 2010). The EDA is an ensemble of independent 4D-Var
data assimilations where the main analysis error sources (observation errors, model errors, and boundary
condition errors) are represented by perturbing the related quantities (observations, model, sea-surface
temperature, etc.). The spread of the EDA at the end of the assimilation window is used to provide the
background error information for the following deterministic analysis update. To provide reliable
background errors, the spread of the EDA needs to capture both the magnitude and the variation of the
errors in the short-range forecasts that are used as background in the deterministic analysis, as well as
the correlations of these errors.
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3.2 Atmospheric observations assimilated in polar regions and associated challenges

A review of the observational coverage and specific challenges with using these observations in the
Arctic regions was carried out at ECMWEF for a summer and winter period: June-July-August (JJA)
2016 and December-January-February (DJF) 2017-2018.

The main atmospheric observation types that are assimilated in the Arctic region are:

e conventional observations including radiosondes from land and ships, aircraft data, synoptic
and buoy surface pressure observations, and 2m relative humidity observations from some
synoptic stations (daytime-only observations),

e microwave (MW) radiances from polar orbiting satellite radiometers,

e infrared (IR) radiances from polar orbiting satellite radiometers,

e GPS Radio Occultation (GPSRO) bending angle observations,

e Atmospheric Motion Vectors (AMVs) derived from polar orbiting satellite image sequences,

e scatterometer 10m equivalent wind (u and v components) over ocean.

Typically, around 2.5 million observations are assimilated per day in the Arctic region, with infrared
radiances clearly being the biggest contributor, followed by microwave radiances, conventional
observations, GPSRO, AMVs, and scatterometers (Figure 3). The relative contribution of each
observation type to the total number of assimilated observations in the Arctic depicted in Figure 3 shows
that during winter there is a decrease of the relative number of microwave and infrared observations and
an increase in the relative number of conventional observations used compared to the summer season.
This is likely associated with the challenges related to the assimilation of satellite observations during
the winter season discussed that will be further described in the following.

All MW
AllMW

== Scatterometer
Others |
¥~ Scatterometer

Conventional obs IR sounder

AMVs
GPSRO

/= Conventional obs

&%

IR sounder

Figure 3: Relative contribution of infrared sounders, microwave sounders, conventional
observations, GPSRO, AMVs and other observations to the total number of observations assimilated
in the Arctic (above 60N). The relative contributions of each observation type is determined as the
ratio between the number of observations of that type that are assimilated in the Arctic and the total
number of observations assimilated in the Arctic . Plots are shown for JJA 2016 (left) and DJF
2017/2018, with total observation numbers of around 2.4 Million and 2.7 Million, respectively.

Conventional observations assimilated in the Arctic include surface pressure (ps) observations,
temperature (T), wind (u and v) and specific humidity (q) from radiosondes and aircraft, 10-m wind over
ocean (ul0m and v10m), 2-m relative humidity (rh2m, during day only) and geopotential height (z).
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Table 1 gives a list of the observations that are assimilated in the Arctic. Note that only a small number
of aircraft humidity, and SYNOP geopotential height observations are assimilated in the Arctic. Also
note that aircraft data are mainly restricted to 50 — 350 hPa, with most observations being located
between 200 - 300hPa, whereas radiosonde data cover all heights from the surface up to around 5 - 20
hPa.

Table 1. Types of conventional observations assimilated in the ECMWEF system in the Arctic.

Conventional Observation Type

Observations Assimilated

SYNOP

z,u10m, v10m, rh2m, ps

AIRCRAFT

T,u,v,q

BUOY (drifting buoys)

ps, u10m, vi0Om

TEMP (radiosonde)

T,u,Vv, q,ulOm, v10m

PILOT (wind)

u, v

Conventional observations generally have a better coverage over land than ocean due to most SYNOP,
TEMP and PILOT observations being situated over land. The coverage for conventional observations
in the Arctic is therefore quite good at latitudes of 60 — 70N, particularly for surface pressure
observations (Figure 4) but there are much fewer observations in the Arctic ocean, i.e. above 70N. In
particular, there are very few radiosonde observations above 70N, as shown in Figure 4. Furthermore,
there are fewer surface pressure and 10-m wind observations over the Arctic ocean in winter than in
summer due to less buoy and ship data limited to sea-ice free oceans. Note that there is an increase in
the aircraft coverage for the winter period compared to the summer. However, this is due to changes in
practice in 2017 where some aircraft began to report more frequently, and it is therefore not indicative
of the typical winter/summer difference.

8 Technical Memorandum No.845
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Figure 4: Number of (top) atmospheric conventional temperature observations (radiosondes) at
heights of between 400 and 600 hPa, (middle) atmospheric temperature observations (radiosondes
and aircraft) at heights of 200 — 300 hPa and (bottom) surface pressure observations (SYNOP land
and drifter buoys), assimilated in the operational ECMWF system for the periods (left) JJA 2016
and (right) DJF 2017/ 2018.

The majority of satellite data assimilated in the ECMWF system, both globally and in the Arctic, are in
the form of microwave or infrared radiances from polar orbiting satellites. All infrared observations and
the temperature-sounding microwave observations are assimilated in clear-sky conditions after applying

Technical Memorandum No.845 9
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a cloud-screening and using a clear-sky forward model (RTTOV, Saunders et. al. 2018). The majority
of microwave humidity-sensitive observations are assimilated in all-sky conditions, such that the cloud
and precipitation affected data can influence the analysis, through use of an all-sky forward model
(RTTOV-SCATT, Bauer et al. 2006). The main microwave observations assimilated both globally and
in the Arctic from 16 microwave temperature and humidity sounders are: the 50 — 60 GHz temperature
sounding channels on the AMSU-A and ATMS instruments, and the 183 GHz water vapour sounding
channels on a number of instruments including MHS, ATMS, MWHS-2, MWHS, GMI? and SSMI/S.
While the 183 GHz channels are sensitive primarily to humidity they also provide very good wind
information in the ECMWF 4D-Var assimilation system. This is due to the tracing effect of humidity
and clouds when these observations are assimilated in all-sky conditions, as shown by Geer (2014).
Assimilated infrared observations include radiances from four instruments: IASI (2 instruments), CrIS
and AIRS, sensitive to atmospheric temperature, humidity and ozone. Infrared observations from these
four instruments have a smaller temporal coverage than the microwave observations since they are
available from fewer satellites and therefore with fewer local crossing times. However, infrared
observations have a greater number of channels and a higher vertical resolution, leading to a greater
number of observations (Figure 3) than microwave instruments. Currently 100 - 200 channels are
assimilated per instrument, with the majority in the long-wave temperature-sounding band, but also
some ozone and humidity sounding channels. Infrared observations are more sensitive to cloud and
precipitation than microwave, so that more observations tend to be screened due to cloud than for the
microwave temperature sounders.

In the Arctic, the microwave and infrared radiances represent over 90% of the total number of
assimilated observations (Figure 3). There are more polar orbiting satellite data assimilated in the Arctic
than in other regions, due to the high revisit time over the poles, as each polar orbiting satellite will
observe the polar regions approximately every 100 min. The higher number of observations from polar
orbiting satellites above 65N than at lower latitudes is illustrated in Figure 5 for the microwave
temperature-sounding channel 12 of AMSU-A on MetOp-A (peaking around 10 hPa). Similar
observations are provided by instruments from a further 6 microwave temperature sounders, each with
comparable coverage. Equally, eleven microwave humidity sounders and four hyperspectral infrared
instruments provide additional coverage over the polar regions. The polar areas are therefore the most
densely observed regions in terms of passive sounding observations from polar orbiting satellites.

2 Note that GMI data are only available up to 65N due to the satellite orbit.
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a) AMSU-A channel 12 number of data summer b) AMSU-A channel 12 number of data winter
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Figure 5: Number of observations assimilated for MetOp-A AMSU-A channel 12 (peaking around
10 hPa) in the ECMWF operational system for a) JJA 2016 and b) DJF 2017/2018.

However, the surface sensitive observations (sensing the lower troposphere) from polar orbiting
satellites are particularly difficult to use over snow and sea-ice and in the shallow polar atmosphere.
More specifically, we cannot yet make the best use of these observations because model errors in these
polar regions are still large and also because observation operators are incomplete or have large errors,
limiting the capability to extract information obtained from satellites when we assimilate radiances.

For example, it is more difficult to assimilate surface-sensitive microwave channels over snow and sea-
ice due to the difficulties of estimating the surface contribution in the radiative transfer (e.g. in terms of
modelling of surface emissivity, skin temperature and reflection properties). This is illustrated by Figure
6 which shows the mean observation minus background (or O — B, also referred to hereafter as
background departures) for the lowest peaking microwave temperature sounding channel of AMSU-A,
channel 5 (peaking around 500 — 700 hPa), in the Arctic for summer and winter periods. The differences
between the observations and the short-range forecasts are larger for the winter period, particularly over
areas of sea-ice and snow cover. The mean sea-ice fractions for the summer and winter periods are
shown in Figure 7. The larger O - B differences in winter are most likely due to greater errors in the
forward model for surface-sensitive channels over snow and sea-ice and because model errors are most
likely higher over snow-covered surfaces and in very stably stratified boundary layers which are more
frequent in winter. One source of forward model error is that currently a specular reflection is assumed
over snow whereas in reality the reflection is more likely to be close to a diffuse (Lambertian) reflection
(e.g., Guedj et al. 2010, Bormann et al. 2017). This is an area of ongoing research.

Technical Memorandum No.845 11
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a) AMSU-A channel 5 mean O - B summer b) AMSU-A channel 5 mean O - B winter
03 -025 -02 -015 -01 -005 O 0 0.05 0.1 015 0.2 0.25 03

Figure 6: Mean observation minus short-range forecast (background), or O — B, for MetOp-A
AMSU-A channel 5 (peaking around 500-700hPa) in the Arctic for a) JJA 2016 and b) DJF
2017/2018. Note that data are shown after bias correction.

a) mean sea-ice fraction summer b) mean sea-ice fraction winter
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 08 1

Figure 7: Mean of the model sea-ice fraction for the summer 2016 and winter 2017/2018 periods.
The values closest to AMSU-A observation locations are shown.

Since an O — B check is applied in the quality control, the greater mean differences between the
observations from the temperature sounding microwave channels and the background lead to more such
observations to be rejected in winter than in summer. This is illustrated in Figure 8, which shows the
number of assimilated observations from channel 5 of MetOp-A AMSU-A. For this channel 24% more
data are used in the polar regions (above 60N) in the summer period than in winter. Note that similarly
strong O - B differences can also be seen over sea-ice and snow for the 183 GHz microwave humidity
sounding channels (not shown). Improvements in the radiative transfer modelling, the skin temperature
treatment or the representation of relevant physical processes may allow more of these observations
available in the Arctic region to be used.

12 Technical Memorandum No.845
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a) AMSU-A channel 5 number of data summer b) AMSU-A channel 5 number of data winter
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Figure 8: Number of observations assimilated from MetOp-A AMSU-A channel 5 (peaking around
500 — 700 hPa) in the ECMWF operational system in a) JJA 2016 and b) DJF 2017/2018.

There are also difficulties in assimilating infrared observations in polar regions compared to other areas.
As for the microwave observations, surface emission is more difficult to model over sea-ice, leading to
higher biases for surface sensitive channels. This is illustrated in Figure 9, which shows the mean O -B
values for a surface-sensitive infrared temperature sounding channel on MetOp-B IASI, in summer and
winter. Note that surface-sensitive infrared observations are not assimilated over land, only over ocean
and sea-ice. The high O - B differences over sea-ice in the winter are most likely due to errors in the
emissivity estimation or in the model skin temperature, and again due to the fact that model errors are
higher.

a) IASI channel 414 mean O - B summer b) 1ASI channel 414 mean O - B winter
-02 -018 -015 -0.12 -0.09 -006 -0.03 O 0 003 006 003 012 015 018 02
[ [ S S RN S E— — ]

Figure 9: Mean O — B after bias correction for the infrared temperature sounding IASI channel 414
((748.25 cm™, peaking around 740 hPa) on METOP-B shown for a) JJA 2016 and b) DJF
2017/2018.

Finally, for infrared observations, there can also be problems with cloud detection, which is more
difficult in colder areas (e.g., Eresmaa 2013). Infrared observations are assimilated (in clear sky only),
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with a clear-sky forward model under the assumption that there are no clouds present. Therefore, if the
cloud detection is not accurate this can have a detrimental effect on the analysis. The cloud detection for
infrared observations relies primarily on thermal contrast between clouds and the surface. Over warm
oceans clouds tend to be visible as a strong cold signal, however in polar latitudes clouds can show up
as a weaker warm signal (in temperature inversions) or if the ocean and cloud top temperatures are
similar there can be no contrast. Similarly, the cloud detection will rely on an accurate estimate of the
model skin temperature, which can be problematic over sea-ice, as highlighted above. These aspects
make cloud detection in the infrared part of the spectrum more difficult in polar regions. The positive
mean O — B values shown in Figure 9a for the summer period, in regions with no sea-ice are most likely
due to undetected cloud. This will be discussed in Section 3.4.

33 Observation-based evaluation of the EDA spread-skill relationship

As explained in Section 3.1, the EDA-spread is key for the reliability of the background errors, and
thereby for the quality of the analysis. For the system to be reliable, the spread should match the skill of
the EDA. The skill of the EDA is measured by the departures (or errors) of the short-range forecasts
against a reference (or truth) which here is chosen to be the observations. In the following, the spread-
skill relationship, which is indicative of the reliability of the system, was derived for different regions
of the globe and its behaviour in polar regions was compared to that in other regions.

To evaluate the spread-skill relationship, the spread of the EDA was computed in observation space
(using conventional observations and satellite radiances) and was compared to the EDA skill, which is
measured here by the background departures (observation - background). The methods used to analyse
the EDA-spread, and the spread-skill relationship are described in detail by Dahlgren (2018) for
conventional observations, and Bormann and Bonavita (2013) for satellite radiances. While there are
some differences in the calculation of the statistics, the general approach is as follows: First, the spread
of'the EDA is calculated as the standard deviation of the values of the EDA analyses for each observation
considered. The background departures are computed for the unperturbed control member of the
ensemble for the radiance method; and for the ensemble mean for the conventional observations. Next,
the observations are binned by the size of the EDA spread, and the root mean square (RMS) of the
background departures is calculated for each bin. The RMS of the background departures is a measure
of the total EDA error (or skill), including model errors (i.e. of the short-range forecasts) and observation
errors. In the figures displayed in the remainder of this section, the contribution from the observation
error is removed from the total error for conventional observations, using the observation error assigned
in the assimilation. For the satellite radiances this is not done, as the assigned observation errors tend to
be inflated and are hence not appropriate for this purpose. Instead the raw total error is displayed in this
case. When displayed as a function of the EDA spread, the total EDA error (or skill) indicates to what
extent the EDA is able to identify regions with larger errors in the short-range forecast. Ideally, the
spread should match the EDA error after the effect of observation errors have been removed. For plots
showing statistics for the conventional observations, the spread-skill curve should therefore lie along
the diagonal, whereas for plots showing statistics for satellite radiances, the spread-skill curve in
variance space should follow a line with a slope of 1. . If the actual relationship is above the diagonal
(or shows a slope larger than 1) the EDA is under-dispersive, while if it is under the diagonal (or with a
slope smaller than 1) it is over-dispersive. In the following we analyze statistics from ECMWEF’s
operational EDA for two three months periods JJA 2017 and DJF 2017/18.
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Spread-skill relationships for surface pressure and 925 hPa temperature from conventional observations
indicate that the EDA is more under-dispersive for these parameters during the winter periods over the
polar regions than elsewhere over the globe (Figure 10). Here, the spread-skill curve is above the
diagonal, indicating that the EDA spread is smaller than the short-range forecast error. This may suggest
a lack of perturbations for input fields or model parametrisations during winter, possibly related to snow
or sea-ice cover. During summer, and for other regions, the relationship is closer to the ideal spread-
skill relationship, indicating that the EDA-spread is a good indicator of situations with larger errors.
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Figure 10: Surface pressure spread-skill reliability curves for the operational EDA. They have been
separated into six zonal bands: 90S-60S (southern hemisphere - pole), 60S-30S (southern
hemisphere - extratropics), 30S-0 (southern hemisphere -tropics), 0-30N (northern hemisphere -
tropics), 3ON-60N (northern hemisphere - extratropics) and 60N-90N (northern hemisphere - pole).
JJA 17 is shown in red and DJF 17/8 is shown in blue. The spread-skill relationship looks very
good in the tropics and good for the extratropics but for the polar regions the winter pole is very
under-dispersive. The statistics include all available assimilated observations from SYNOP,
METAR, BUOY, SHIP.

For mid-tropospheric temperature and humidity, the spread-skill relationships for the polar regions are
relatively close to the ideal ones, with similar characteristics as in the mid-latitudes (Figure 12).For
instance, radiosonde temperature observations show only a slightly under-dispersive relationship over
the Arctic region for both seasons (Figure 11). Similarly, temperature sounding microwave observations
from AMSU-A channel 5 (with a weighting-function peak around 500 hPa), also suggest only minor
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under-dispersiveness of the EDA for the JJA period, with a behaviour for Arctic regions that is similar
to the other regions (Figure 12). However, for DJF, the Arctic region shows unusually large departures.
These are likely a result of larger radiative transfer errors over snow and sea-ice as mentioned earlier
(e.g., Figure 6), rather than an indication of an under-dispersive EDA. Conventional humidity
observations also show a reliable spread-skill relationship in the polar regions, and even some indication
for an over-dispersive relationship elsewhere (not shown).
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Figure 11: Spread-skill reliability curves for radiosonde temperature at 500hPa in the operational
EDA. Here only showing polar regions. Here the difference in the spread-skill relationship is less
pronounced between regions (not shown here). Both periods are far closer to the ideal relationship
that channels peaking higher up in the atmosphere or observations sensing further down.
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Figure 12: a) and b) show the variance of background departures for AMSU-A channel 5 on
METOP-B as a function of EDA variance (spread squared) for a) JJA 17 and b) DJF 17/8. The
statistics are based on data over land and sea after cloud screening and geographical quality control
but before the O-B check. They have been separated into six zonal bands: 90S-60S (black), 60S-
308 (red), 30S-0 (green), 0-30N (blue), 3ON-60N (yellow) and 60N-90N (pink). Also shown is the
number of observations in each bin as vertical bars (right y-axis; these use lighter versions of the
colours for the six zonal regions); every bin contains at least 3000 observations. In addition, for
orientation, a line with the slope 1, indicative of a perfect spread-skill relationship is displayed in
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grey (dashed). Note that in these plots the observation error has not been subtracted from the total
error shown in the x-axis.

A different behaviour is found for stratospheric temperature. Figure 14b shows an under-dispersive
relationship during winter for the Arctic and the northern hemisphere extra tropics (30-60N) and a good
relationship for the other regions for microwave temperature-sounding observations from AMSU-A
channel 10, which peak around 50 hPa. This is also suggested by other AMSU-A channels sensitive to
stratospheric temperature as well as by radiosondes, even though for radiosondes the signal is less clear
probably due to more limited observational sampling (not shown). The spread-skill relationship is also
under-dispersive in the mid-latitudes and the polar region in the Southern Hemisphere winter (Figure
14a). This under-dispersive relationship in the mid-to-high latitudes in the winter hemisphere is likely
to be due to gravity waves that are not well represented in the background, which causes an increase of
the background departures and hence errors in regions where gravity waves are present (Figure 13). It
has been shown in the past that IFS errors in regions with gravity wave activity are related to gravity
waves with wavelengths smaller than 100-200 km.

150°W  120°W  90°W 60°W 30°W 0°E 30°E 60°E 90°E 120°E 150°E

150°W  120°W  90°W 60°W 30°W 0°E 30°E 60°E 90°E 120°E 150°E

Figure 13: Map of standard deviation of first guess departures for channel 13 AMSU-A on Metop
B for 20 — 30 June 2016.
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Figure 14: a) and b) show the variance of background departures for AMSU-A channel 10 on
METOP-B as a function of EDA variance for a) JJA 17 and b) DJF 17/8. The statistics are based
on data over land and sea after cloud screening and geographical quality control but before the FG
check. They have been separated into six zonal bands: 90S-60S (black), 60S-30S (red), 30S-0
(green), 0-30N (blue), 30N-60N (yellow) and 60N-90N (pink). Also shown is the number of
observations in each bin as vertical bars (right y-axis; these use lighter versions of the colours for
the six zonal regions), every bin contains at least 3000 observations. In addition, for orientation, a
line with the slope 1, indicative of a perfect spread-skill relationship is displayed in grey (dashed).
Note that in these plots the observation error has not been subtracted from the total error shown in
the x-axis.

34 Observation impact on short-range forecasts

The impact of observations on the ECMWF analyses and the short-range forecasts in the Arctic was
assessed by examining a range of operationally available diagnostics from the data assimilation system.
These diagnostics alone cannot determine the role of each observing system in reducing forecast errors,
but they can emphasize the added value of observations in the analyses and short-range forecasts and
can suggest which observations have the biggest impact, thus helping to guide the setup of the polar
Observing System Experiments (OSE).

We start by analysing the analysis increments, which are indicative of how much the forecast is changed
during the analysis process. Increments are the difference between the analysis and the short-range
forecast (or background). Analysis increments could be due to a certain observation type or to a
combination of different observations. To gain more insights into the contribution of different observing
systems to the analysis increments, we compare the increments with the departures with respect to
observations of the short-range forecasts and analysis (observation - background or O - B and
observations - analysis or O - A). Finally, we assess the forecast sensitivity to observations (FSOI),
which provides an estimate of the contribution of each observation type to the reduction of the global
short-range forecast error.
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34.1 Analysis increments

Here we investigate the effect that observations have in the Arctic by comparing analysis increments in
the Arctic to those in other regions. To do so we assess the mean and standard deviation of the analysis
increments. Mean increments indicate that observations cause a systematic adjustment of the short-range
forecast. Data assimilation systems are designed to treat random errors and assume no biases in the
observations, forward model, and the background field. Non-zero mean increments indicate, however,
that biases are present and that this assumption is not true. Non-zero mean increments can be an
indication of observations correcting a systematic model bias or in some cases it could be the result of
systematic errors in the observations themselves, or in the forward model. Note that a bias correction is
applied to most observations during assimilation, using a variational bias correction scheme (Dee et al.
2009). However, these corrections tend to be large scale such that local instrument or forward model
biases could still affect the assimilation, or the bias correction may not reliably capture specific air-mass
characteristics.

There tend to be strong mean increments in the Arctic during the summer, particularly for temperature
and geopotential height, when compared to sub-polar regions. During summer, the observations have
thus a mean warming effect at low levels (800 — 1000 hPa) of up to 0.4 K, a cooling effect at 400 — 800
hPa (up to 0.2 K) and a strong warming effect at around 200 hPa (0.1 — 0.7 K) (Figure 15). The warming
around 200 hPa corrects a known model bias. Indeed, a pronounced cold model bias is present in polar
regions in the lower stratosphere, particularly in summer, due to an overestimation of the longwave
cooling related to an overestimation of the amount of water vapour penetrating through the tropopause
(Hogan et al. 2017). At some levels, these mean increments are largest in specific regions (i.e at 925
hPa, they are predominantly around Greenland and over the sea between North America and Russia
(Chukchi sea), Figure 16), while at others they are evenly spread over most of the polar region (200 hPa)
(Figure 16).

In winter, the mean increments have similar patterns over the Arctic region (a mean
warming/cooling/warming for the lower/mid/upper troposphere, respectively), but the magnitude is
generally lower than in summer (Figure 15) and the spatial patterns are quite different in the lower
troposphere. While the increments are lower for the winter than for the summer, this does not necessarily
mean that errors are smaller in the winter, however. It could simply be due to a lower number of
observations assimilated in winter, or due to less atmospheric variability. There is, however, a strong
0.2 — 0.4 K warming effect at 925 hPa located over sea-ice (Figure 16 and Figure 7). This is most likely
due to satellite observations since there are no conventional observations at these heights over sea-ice.
In both seasons the largest standard deviation of temperature increments is found at low levels, around
800 — 1000 hPa, as shown in Figure 18, with values exceeding 0.3 K. This suggests relatively large
adjustments to correct random errors in the Arctic temperature forecasts at low levels.
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Figure 15: Mean temperature increments for JJA 2016 (left) and DJF 2017/2018, for the ECMWF
operational system. Note that the North pole is plotted to the left in this and other latitude-pressure
plots
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Figure 16: Mean temperature increments at (left-to-right) 925 hPa, 500 hPa and 200 hPa for JJA
2016, for the ECMWF operational system.
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Figure 17: Mean temperature increments at (left-to-right) 925 hPa, 700 hPa and 200 hPa for DFJ
2017/ 2018, for the ECMWF operational system.
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Figure 18: Standard deviation of temperature increments for JJA 2016 (left) and DJF 2017/2018
2018 (right) in the ECMWF operational system.

The observations also introduce mean changes in humidity which have a distinct global pattern, as
shown in Figure 19. It is particularly apparent for the DJF period. There is generally a mean moistening
effect at 600 — 1000 hPa over the poles, rising to heights of 200 — 400 hPa over the Tropics, and a drying
at low levels in the Tropics. In summer, there is also a drying over the North pole at 800 — 1000 hPa, as
shown in Figure 19a. There are also strong changes in the mean geopotential height (not shown), which
generally have a broad-scale structure. At the winter pole, there is a mean reduction in geopotential
height at 200 — 1000 hPa, of around 10 — 20 m?/s?, and a mean increase at heights above 200 hPa.
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Figure 19: Mean relative humidity increments for JJA 2016 (left) and DJF 2017/ 2018, in
operations.

34.2 Linking mean increments to observation departures

To better understand the role of observations in reducing short-range forecast errors, it is useful to also
analyse departure statistics, such as the observation minus background (O — B) values and observation
minus analysis (O — A) values. These are routinely calculated for all observations assimilated in the
ECMWEF system. By assessing these statistics in the Arctic, we can determine whether the analysis is
closer to the observations than the short-range forecasts, at the observation locations and in observation
space (i.e. radiances for satellite observations, and temperature, humidity, wind for conventional
observations), and further characterise the overall consistency of the analysis.

Here we use observation departure statistics to further analyse the mean temperature increments
observed in the Arctic. As mentioned earlier, non-zero mean increments are an indication that
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uncorrected bias is present in the assimilation, which is introduced by the observations, the observation
operator, or the short-range forecasts. As data assimilation systems are designed to correct random
errors, it is desirable to identify the origin of this bias, and hopefully correct for it in the future. To
further analyse what is causing the mean increments, we provide here an analysis of mean O — B and
mean O — A statistics.

We focus on the main temperature sensitive instruments, including AMSU-A, IASI, radiosonde and
aircraft temperature data, and GPSRO, given the strong temperature increments in the Arctic,
particularly during summer. An analysis of mean O — B and mean O — A differences should provide an
indication of which observations are responsible for the mean increments discussed above. Furthermore,
this provides an indication of whether the increments are correcting a model bias, since if the O — B
differences are similar for several types of observations this increases the confidence that they are related
to a model bias rather than to an observation-related bias of a certain observation type.

In the following we assess departure statistics after bias correction is applied. Bias correction is applied
to most observations, with the exception of RS92 night time radiosonde launches, GPSRO and AMSU-
A channel 14 (sensitive to temperature around 1 — 5 hPa). These latter observations act as an anchor for
the bias correction, and are therefore most likely to influence the mean state of the model. For satellite
radiances and aircraft data, an adaptive, variational bias correction (VarBC) is applied, in which bias
corrections are estimated as part of the main analysis (e.g., Dee 2004). Several aspects make a variational
bias correction potentially more problematic over the polar regions: fewer anchor observations at the
highest latitudes combined with larger model biases mean that VarBC may be prone to also correct
model bias in these regions (e.g., Eyre 2016). In addition, AMSU-A observations have geographically
varying biases (airmass biases) which tend to be extreme in the polar regions, further adding to a less
well-constrained bias correction. These aspects must be kept in mind when we interpret mean departures
after bias correction and link them to mean increments, as the bias correction is likely to be less reliable
in polar regions.

The mean O — B and O — A values are shown in Figure 20 for Arctic radiosondes and aircraft temperature
data, and GPSRO temperature retrievals, and in Figure 21 for microwave (from AMSU-A) and infrared
(from IASI) temperature sounding observations for the summer (JJA) 2016 period. Note that while
GPSRO bending angles are assimilated in the NWP system, in Figure 20 we show mean O — B values
for GPSRO temperature retrievals (at 5 — 300 hPa) in order to more conveniently compare GPSRO
departures to departures for radiosonde and aircraft data, as well as mean temperature increments. The
temperature retrievals are performed assuming a dry atmosphere, however, which makes these retrievals
less reliable in more humid atmospheres and so in particular at lower latitudes. Mean O —B and O — A
values shown in Figure 20 and Figure 21 are calculated for all observations above 60N and are shown
as a function of height for radiosonde, aircraft and GPSRO data, channel number for AMSU-A and
approximate Jacobian peak height for MetOp-B IASI. The Jacobian peak height is also indicated for
AMSU-A channels. While the Jacobian peak height indicates the height at which each channel is most
sensitive, the weighting functions tend to be broad such that the channels have sensitivity both above
and below their peak heights. Furthermore, the lowest peaking channels have sensitivity to the surface,
including channel 5 of AMSU-A which peaks at 500 — 700 hPa.
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Figure 20: Mean O — B (black) and mean O — A (blue) for a) land radiosonde data assimilated in
the ECMWF operational system, b) aircraft temperature observations, and c) GPSRO temperature
retrievals. Values are averaged for the summer 2016 period (JJA) and shown after bias correction.
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assimilated data. Values are averaged for the summer 2016 period (JJA) and shown after bias
correction.

Technical Memorandum No.845

23



c ECMWF Use of observations in the Arctic

The mean O — A values are closer to zero than mean O — B for all observation types (Figure 20 and
Figure 21), indicating that the analysis is closer to the observations in the Arctic than the short-range
forecast, as one would expect of a well-functioning data assimilation system. This is also consistent for
the winter period (not shown). Moreover, it appears that the summer tropospheric temperature
increments in the Arctic (Figure 15) are broadly similar to the mean O — B values of the radiosonde and
aircraft data between the surface and 300 hPa (Figure 20). That is, the observations act to warm the 800
- 1000 hPa layer and cool the 300 - 800 hPa layer. It is worth noting, however, that surface pressure
observations are also likely to introduce temperature increments at 800 — 1000 hPa, and there are more
surface pressure observations than radiosonde data in the locations of the 925 hPa temperature
increments (Figure 16a). Around 200 hPa, the mean O - A for aircraft temperature observations are
approximately 0.3 - 0.7 K, while the mean O - B are around 0.7 - 1.0 K, suggesting that the aircraft
observations act to warm the analysis around this height. The radiosonde data also show a mean positive
O — B and a very small O - A at 200 hPa. This suggests that the aircraft observations and radiosondes
are likely to be the main causes of the mean positive temperature increments for the summer season at
200 hPa (Figure 16c).

Mean O — B (temperature retrieval) values for GPSRO data are consistent with radiosonde mean O — B
values, and mean temperature increments, at 5 — 100 hPa, suggesting that both sets of observations act
to correct forecast model bias at these heights. We can conclude that the GPSRO data likely strongly
influence the mean temperature increments at 5 — 100 hPa. GPSRO temperature retrievals do not agree
with the mean increments or aircraft and radiosonde mean O — B values at around 200 hPa, but this is
likely an artefact of the dry atmosphere assumption made in converting bending angles to temperatures
for the statistics shown here. It is therefore difficult to deduce the effects of GPSRO on the mean
temperature increments below 100 hPa using this metric.

It is more difficult to compare the satellite (AMSU-A and [ASI) summer O — B values to the increments
due to the low vertical resolution of the satellite radiances in comparison to the high vertical resolution
of the increments. One can compare them, however, to the radiosonde data by first transforming the
radiosonde temperature O — B values into radiance space. This has been done using the GRUAN
processor, a tool developed at the Met Office during the GAIA-CLIM Horizon-2020 project for use with
satellite calibration/validation (cal/val) (Carminati et al, 2019). The GRUAN processor transforms O —
B values into radiance space using the radiative transfer forward model RTTOV, transforming also the
measurement uncertainties into radiances. The GRUAN station Sodankyla is situated in the Arctic and
has O — B temperature values which are representative of the Arctic mean values, as shown in Figure
22a. The mean O — B for Sodankyla was transformed into radiance space, and is shown in Figure 22b
and ¢ for AMSU-A and IASI respectively. (Note that higher peaking AMSU-A channels have been
excluded since they have sensitivity above the radiosonde top height).

The results show that the mean positive O — B values in the radiosonde data above 250 hPa translate to
a bias of around 0.2 - 0.8 K for AMSU-A and IASI channels peaking around 50 - 300 hPa (Figure 22b
and ¢). Qualitatively, this is consistent with the observed positive O - B values for these channels shown
in Figure 21a and c. The consistency suggests that the observations act to reduce a model bias here.
However, the magnitude of the bias indicated by AMSU-A and IASI is much smaller than what would
be consistent with the radiosonde data. This is partly because the variational bias correction
inadvertently also corrects for model bias, despite the anchoring provided by radiosondes and GPSRO
observations at the relevant levels (e.g., Eyre 2016). Consistent with this interpretation, AMSU-A
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observations before bias correction show departures that are more in line with the radiosonde differences
translated to radiance space (not shown). This suggests that the effect of some systematic model error is
likely still present in the analysis.

The main inconsistency between satellite observations and radiosonde data is for the lowest peaking
IASI channels which show a positive ‘spike’ in mean O — B for channels peaking around 700 — 800 hPa
(Figure 21b) which is not present in the radiosonde statistics translated into IASI radiances (Figure 22c).
The positive mean O — B difference for the lowest peaking IASI channels is therefore likely due to
undetected cloud. This does not appear to affect the mean increments however since, as shown in Figure
21b, the analysis departures also show this spike.
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Figure 22: mean O — B for GRUAN temperature profiles at the Sodankyla site, calculated for JJA
2016. Values are shown in temperature (a) and transformed into radiances for AMSU-A (b) and
IASI (c). The dashed lines and error bars indicate the GRUAN uncertainties which are in
temperature for (a) and radiances for (b) and (c). The transformation into radiance space was
performed using the GRUAN processor, which uses the RTTOV radiative transfer forward model.

The mean temperature increments in the winter period are generally smaller than in summer, with the
exception of a mean positive increment found over sea-ice at heights of around 800 — 1000 hPa (Figure
17a). There are no conventional data at these heights over sea-ice and so these increments must be due
to satellite data. Indeed, positive mean O - B are observed for both the IASI and AMSU-A lower peaking
channels, as shown in Figure 6b and Figure 9b. As discussed earlier, these mean O - B values may also
be the result of biases in the forward model or the cloud screening, so it is not clear to what extent the
analysis correctly identifies and corrects a model bias here. Interestingly, while the positive temperature
increments act to draw the analysis closer to the observations, a positive mean analysis departure
remains, as would be expected in the presence of an observation-related bias (not shown). It is likely
that forecast model biases as well as observation-related biases are higher over sea-ice, as previously
discussed, and this makes the partitioning of mean O - B information into background and observation-
related biases difficult. Conventional observations with no observational biases would help, but
unfortunately these are not available over sea-ice.
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3.4.3 Forecast Sensitivity to Observation Impact

One measure of observation impact is the Forecast Sensitivity to Observation Impact diagnostics or
FSOI. FSOI uses adjoint methods to estimate the contribution of individual observations to the reduction
in the short-range forecast error (24 hours) as measured by a global energy norm when all observations
are present (Cardinali, 2009). The measure is therefore different from the observation impact provided
by traditional observing system experiments, in which observations are withheld to investigate the
influence on subsequent forecasts. The FSOI relies on a number of assumptions, such as a linear error
propagation, and uses the analyses of the forecast system as a reference. The FSOI can also be
formulated with an observation error norm (Cardinali 2018). However, both 4D-Var, and OSEs based
on 4D-Var, rely on the same assumptions, namely a perfect model in data assimilation, an error norm
that is either derived from analyses or observations as references, the projection of cost to initial time
sensitivities in model space using adjoint models and to observation space using observation operators.

By design, FSOI only evaluates the influence on short-range forecasts, and it hence cannot capture the
long-range propagation of forecast errors as typically found in medium-range forecasts. The latter are,
for instance, relevant for investigating how better analyses over the Arctic affect forecasts over the mid-
latitudes beyond day 3. Despite these limitations, the measure tends to give useful indications of leading
contributors to forecast skill.

The FSOI for various observation types assimilated in the Arctic (Figure 3) is shown for JJA 2016 and
DIJF 2017/2018 in Figure 23. For comparison, Figure 24 shows the FSOI for the same types of
observations assimilated at global scale. The relative FSOI values shown in these figures can be
interpreted as follows. A relative FSOI value of 3% for microwave Arctic observations indicates for
example that the microwave observations assimilated in the Arctic act to reduce by 3% the total global
forecast error - as this is the norm FSOI is calculated against. Similarly, a relative FSOI value of 40%
for the microwave observations assimilated over the entire globe indicates that these observations act to
reduce by 40% the total global forecast error.

The three observation types appearing to have most impact, both globally and in the Arctic, are the
microwave, conventional and infrared observations. In the Arctic, the microwave observations have the
highest impact in the summer period and the conventional observations in the winter period, whereas at
global scale microwave observations have the largest impact for both periods. Especially during the
winter season, the relative contribution of conventional observations (synoptic stations, buoys,
radiosondes) to reducing the global short-range forecast error in polar areas is higher than at global scale.
This is likely due to the fact that fewer satellite observations are assimilated in the lower troposphere
during winter in these areas, so that conventional observations provide most of the information.
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Figure 23: Relative FSOI for different observation types assimilated in the Arctic (latitudes > 60N).
These values represent by how much (in %) each observation type contributes to reduce the global
short-range forecast error. Values are shown for a) JJA 2016 and b) DJF 2017/ 2018. Values are
calculated for experiments for this period using the full ECMWF observing system.
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Figure 24: As Figure 23 but for the observations assimilated over the entire globe.

Complementary FSOI analyses in which these observation types were broken down even further (into
types of satellite instruments, or various types of conventional observations) showed that the largest
contributors in reducing forecast errors in polar regions are microwave temperature sounders, and the
SYNOP conventional observations (mainly surface pressure).

4 Conclusions

In this report, operational diagnostics from the ECMWF data assimilation system were used to explore
the usage of Arctic observations in the ECWMF IFS and their impact on the analyses and short-range
forecasts. This analysis highlighted both the impact of Arctic atmospheric observations and the
challenges related to their usage including key areas of model errors. Overcoming these challenges,
which are not insurmountable but require a sustained effort, would lead to better analyses and weather
forecasts, but also better atmospheric reanalyses. Indeed, atmospheric reanalyses, such as ERAS, are
produced with the same NWP systems as the operational analyses and forecasts (ECMWF IFS in this
case).

The analysis of the diagnostics from the ECMWF data assimilation system demonstrated that the Arctic
is very rich in terms of satellite data, but rather sparse in terms of conventional atmospheric and surface
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observations. Indeed, there is better polar orbiting satellite data coverage above 65N than in other parts
of the globe due to the high revisit time over the poles (e.g., for instruments such as AMSU-A, MHS, or
IASI). At the same time, conventional Arctic atmospheric observations are mainly found at 60 — 70N,
with very few conventional observations north, and less ship and buoy data in the winter.

The assimilation of lower tropospheric sounding satellite channels from polar orbiting satellites is
however more challenging in the Arctic region, especially during winter. This is due to the fact that
model errors are larger and that there are larger errors in the radiative transfer model used to assimilate
the satellite radiances over snow and sea-ice. For instance, mean differences between surface-sensitive
microwave observations (including AMSU-A channel 5 and all MHS channels) and short-range
forecasts are larger over snow and sea-ice. A proportion of this can be linked to errors in the specification
of the surface characteristics in the radiative transfer model, even though model biases also contribute.
Fewer observations are therefore assimilated from these channels in winter periods, and when these data
are assimilated the forward model has a higher uncertainty. Uncertainties in the specification of surface
contributions in the radiative transfer also affect the infrared observations, leading to a more difficult
detection of clouds.

Reducing the uncertainties in the radiative transfer should be an integral activity for improving the use
of observations in the polar region. In the longer term, the multi-layer snow model developed at ECMWF
as part of APPLICATE, for instance, offers the possibility to not only reduce errors in the forecast model
(e.g., in the specification of surface temperature), but also to allow better forward modelling of the
surface characteristics in the radiative transfer for microwave radiances when combined with an
appropriate snow emissivity model (such as SMRT, Picard et al. 2018). Addressing these challenges in
the use of satellite data in the polar regions will take a sustained effort and the extra observations
gathered during the special observing periods of the Year of Polar Prediction will also help by serving
as an additional source of independent observational information.

The successful assimilation of atmospheric observations in the ECWMEF system also critically depends
on a correct specification of the background errors, which control to a large extent the weight given to
observations in the data assimilation process. In the ECMWF 4D-Var system the specification of the
background errors depends on the spread of the EDA. The assessment of the EDA-spread performed in
observation space using conventional observations and satellite radiances showed a very poor spread in
the polar stratosphere, particularly at the winter pole. This is due to gravity wave activity, which is not
well represented by the model background. In the mid-troposphere, however, the spread-skill
relationships for the polar regions are relatively close to the ideal ones, and are similar to the mid-latitude
spread-skill. In the lower troposphere, the EDA in polar regions is generally slightly less dispersive than
in the extratropics and tropics. At the surface (i.e. for surface pressure) and near the surface (i.e. for
temperature at 925hPa from radiosondes) a lack of spread in the EDA is seen in the winter season. Here,
the EDA is under-dispersive and does not fully capture the uncertainty in the short-range forecasts. The
findings are overall broadly consistent with results from Bauer et al (2014) who also found indications
of low EDA spread over the Arctic region.

When the EDA is used to specify background errors for the deterministic 4D-Var system, an
underdispersive EDA means that the background errors for these aspects will be too small, therefore
limiting the ability of observations to make corrections during the analysis process. The effect this has
in 4D-Var could be studied in more detail through sensitivity experiments that introduce ad-hoc scaling
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of the background errors over the polar regions, in order to compensate for the under-dispersiveness
found. Ultimately, the under-dispersiveness means that some source of uncertainty in the system is not
adequately taken into account in the EDA, and this should be addressed directly. For the under-
dispersiveness at lower levels, this could be linked to fewer surface-sensitive satellite observations being
used in winter, so that the observational uncertainties are not fully captured, and this could be addressed
further through a sustained effort to make better use of these observations. On the other hand, further
perturbations of input fields or parameterisations in the EDA may also be needed. Further work is
required to identify the reasons for the under-dispersiveness of the EDA in the lower troposphere during
winter, and to develop methods to ameliorate it.

The mean analysis temperature and geopotential height increments in atmospheric analyses are larger
over the polar regions than elsewhere, further highlighting the challenges associated with these regions.
These mean increments suggest the presence of biases in the forecast model, the observation operator
or the observations. For example, the mean temperature increments in the Arctic are strongest during
the summer, including most notably a strong warming around 200 hPa. Positive mean departures are
also observed for conventional temperature observations at that height, highlighting a known cold model
bias. The mean observation departures indicate that the conventional data may be key in reducing model
biases in the summer between 1000 and 300hPa as they are used to anchor variational bias corrections
applied to satellite data. For example, aircraft and radiosonde observations (where present) contribute
to reducing errors around 200hPa. On the other hand, mean temperature increments of around 0.2 - 0.4
K below 800 hPa over sea-ice in winter are most likely due to the assimilation of the satellite microwave
and infrared temperature sounding data (AMSU-A, IASI...) which have mean positive departures over
sea-ice in the winter. These positive departures are at least partially due to problems in the radiative
transfer model (e.g., neglecting Lambertian surface scattering for microwave radiances) or imperfect
cloud screening. These effects may therefore lead to a biased analysis. This aspect further highlights the
need for a sustained effort to improve the radiative transfer modelling, and the need to use in-situ
observations to distinguish between model and observational biases.

This analysis demonstrated the general value of atmospheric observations in operational analyses and
short-range forecasts. The impact of various observing types on the quality of the weather forecasts can
be estimated by combining diagnostics such as the FSOI, which provide an estimate of the impact of
observations on the reduction of the global forecast error (sect 3.4), and Observing System Experiments
(OSEs), in which certain observation systems are removed from the data assimilation system. In contrast
to FSOI, OSEs measure the actual impact of losing certain observing systems and allow the evaluation
of the influence on the medium-range forecast for a range of parameters. The analysis of FSOI statistics
from the ECMWF analyses suggested that in the Arctic microwave observations from polar orbiting
satellites have the largest impact in summer, while conventional observations have the largest impact in
winter. Guided by the FSOI analysis, OSEs are currently being performed at ECMWF for the following
observing systems: microwave radiances, conventional observations (both all conventional and
individual conventional observation types described in Table 1), infrared radiances, GPSRO and AMVs.
The OSEs are performed for the same periods discussed in this report and results will be compared to
FSOI statistics to further consolidate the observation-impact assessment.
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