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Forecast impact of surface-sensitive microwave radiaoeesland and sea-ice S ECMWF

Abstract

The present forecast impact of surface-sensitive micrevgaunder radiances over land and sea-ice
has been assessed in the ECMWEF system, using observinghsgsperiments as well as adjoint-
based diagnostics. The assimilation relies on surfacesarntiss retrieved from window channel
observations. Short-comings of the current use of the dagpécific regions are also highlighted.

Surface-sensitive microwave radiances over land andcgehave a significant positive forecast im-
pact in the ECMWEF system (2-3 % reduction in forecast errortfie 500 hPa geopotential over
the extra-tropics). When added incrementally to an othea\ill observing system, observations
over sea-ice, humidity-sounding radiances over land, amgérature-sounding radiances over land
all contribute significantly to this positive forecast ingbaThe impact shows some seasonal depen-
dence, and the Northern Hemisphere impact over land is snthlting winter, most likely related to

a more restricted and less optimal use of the observaticgrssoow.

Short-comings are nevertheless apparent in specific abes®rt regions show diurnal biases, most
likely due to biases in the temperature used to specify senfadiation, likely arising from a combi-
nation of penetration effects and diurnal model biaseswStmvered regions show biases that appear
consistent with assuming specular reflection when diffeflection is prevalent. The quality control
currently applied is mostly successful in protecting thalgsis from the deficiencies in these areas.
Neglected cloud signals can have a significant effect ongtieeved emissivities and the subsequent
quality control. Potential avenues to improve the iderdihort-comings are outlined.

1 Introduction

This memorandum provides an assessment of the impact afcsuskensitive microwave sounding data
over land and sea-ice in the ECMWF assimilation system. Daia microwave sounders (e.g., AMSU-
A, ATMS, MHS, SSMIS) are leading contributors to today’sdoast skill, with tropospheric sounding
channels being especially important for reliable weatbegdasts. Many of these tropospheric channels
exhibit some sensitivity to the surface, and the use of tlobsenels for atmospheric applications is
more straightforward over sea. This is because accurat@csuemissivity models are available for the
relevant frequencies (e.g., Liu et al. 2011), and errorbénskin temperature tend to be relatively small
(< 0.5 K), combined with smaller contributions from the surfaceigsion due to a smaller emissivity
(~0.65). In contrast, over land and sea-ice, skin temperasuless well known than over ocean, and
this matters more due to larger surface emissivities (B8-fbr most surfaces). In addition, the surface
emissivity depends on many more parameters, dependingeautface type, making it harder to model
in an operational environment. These larger uncertaiiriskin temperature and emissivity hence pose a
larger challenge for the assimilation of surface-sereitiata over land and sea-ice regions (e.g., English
2008).

Over the last decade, steady progress has been made reggineliextended data usage over land and
sea-ice for microwave sounding data at ECMWEF. This has builtnethods that retrieve surface emis-
sivity from window channel observations with the help of aspheric profile and surface temperature
information from the First Guess used in the assimilatioarfiéu et al 2006, Krzeminski et al. 2008).
The method has been applied to temperature as well as hyra@inding channels, and replaced the
previously used parametric models that were based on a btassification by surface-type (Kelly and
Bauer 2000).

The dynamic emissivity retrieval has allowed the gradutdresion of the assimilation of surface-sensitive
microwave data over land. For instance, the lowest sounchiagnel from 183 GHz humidity sounders
has been added, with some benefits in terms of describingtitemn water vapour in the analysis (e.g.,
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Di Tomaso and Bormann 2012). The method has also been ghaddabpted to a wide range of instru-
ments, now covering AMSU-A, ATMS, MHS, and SSMIS (e.g., Lamce and Bormann 2014, Baordo
and Geer 2016). An appropriately chosen emissivity redtiénas allowed the extension of the use of
humidity-sounding channels over sea-ice and snow-cov&rddces (e.g., Di Tomaso et al. 2013). The
approaches have been successfully transferred to thieyalise of humidity sounding channels over land
and sea-ice (e.g., Baordo and Geer 2016), further incrgaksita coverage and forecast benefit through
the all-sky use (Geer et al. 2017).

Additional refinements of the use of surface-sensitive awiave data over land and sea-ice include the
use of scene-dependent observation errors for tempersaureling channels. This development aims
to capture the variable uncertainty in the forward modgllassociated with the surface contributions
(Lawrence et al. 2015), and down-weights observations fockvthe uncertainty is larger.

While the impact of each of these separate developmentséindments of the data usage over land and
sea-ice on headline forecast scores has been mostly edyatimall, we assess here the combined effect
and summarise the present impact of surface-sensitiveowasie observations over land and sea-ice in
the ECMWEF system. In this context it is worth pointing out atdigional challenge of using satellite
observations over land: many land areas (e.g., EuropehMarterica, China) are of course also well-
covered by conventional observations, already providiggpad constraint on the analysis. We hence
expect benefit from observations over land to originate @rityfrom remote land or sea-ice areas, and
this aspect will also be considered in the assessment.

An additional aim of this paper is to identify strengths aneeknesses of the current data usage, and to
point to directions for future development. For instance,aim to identify whether there are particular
geographical regions for which the current approach shimaitations which could be overcome through

a refined treatment of the surface contributions. In addjifpwesently, no attempt is made to actively use
the surface information contained in the observationgrakgid for the atmospheric analysis (ie, infor-
mation on surface temperature, or surface conditions)h k¢ development of coupled assimilation
approaches, we will also consider the longer-term persfeettd outline prospects for an enhanced use
of the surface-related information.

The structure of the report is as follows: we first provide &ereiew of the observation impact ex-
periments performed in this study, followed by a charasédion of the impact demonstrated in these
experiments. We will then take a look at adjoint-based olaggiem impact diagnostics, in an attempt to
provide further geographical characterisation of the pla®n impact. Finally, we identify and investi-
gate some issues and short-comings in the present appsdadpecific areas and discuss ways forward.
A summary and conclusions are provided in the last section.

2 Datausage and experiments

2.1 Datausageover land and sea-ice

The use of surface-sensitive microwave radiances over dandsea-ice in the operational ECMWF
system employs the “dynamic emissivity” concept (Karboale2006) to specify an effective surface
emissivity for the radiative-transfer calculations (elgrzeminski et al. 2008). The scheme retrieves
surface emissivity from observations in a selected windoanoel that is otherwise not assimilated. This
is done by solving the radiative transfer equation for thase emissivity and estimating the required
terms using atmospheric profiles and skin temperaturerrdton taken from the model background.
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The emissivity estimated from the window channel obseowvais then used in the radiative transfer
calculations for the sounding channels that have simikguencies. All radiative transfer calculations
are assuming specular reflection, for the emissivity natias well as the subsequent assimilation of
sounding channels. While this has been found adequate fet sniofaces (Karbou et al 2006), it has
been put into question, for instance, for snow-coveredsaeay., Matzler 2005, Guedj et al. 2010,
Baordo and Geer 2015).

The choice of channel for the emissivity estimation invelegrade-off between selecting a channel with
good surface sensitivity to allow a reliable emissivityrimtal, and selecting a channel that is sufficiently
close in frequency to the sounding channels, to avoid ewiigsiariations with frequency playing a
significant role. For temperature sounding channels in k8 GHz range, emissivity retrieved from
the 50.3 GHz channel is used, as this channel provides gatateisensitivity (surface-to-space trans-
mittancer typically 0.6-0.7) and retrievals at a frequency close toghunding channels. For 183 GHz
humidity sounding channels, we use the emissivity retdefrem the collocated window channel at
89 GHz rather than the closer 150 or 165 GHz channels over laodtareas, as it provides better
surface sensitivity and less dependence on humidity, afigé@sency variations of emissivity are suffi-
ciently small over most surfaces (e.g., Karbou et al 200@weéier, over snow and sea-ice areas, where
the atmosphere is usually relatively dry and hence suffigi¢rmnsparent at 150-165 GHz and frequency
dependence matters more, we use the available 150 or 165 l&Hnels (e.g., Di Tomaso et al. 2013).
An empirical frequency parameterisation is used in thi® dasobtain an emissivity at 89 GHz in the
clear-sky system where this is required for geophysicalityuzontrol.

The dynamic emissivity scheme is currently applied to atinmivave sounding data assimilated over land
and sea-ice in the ECMWF system. Some of these are assithitetdear-sky conditions only (AMSU-
A, ATMS), whereas the majority of the humidity-sensitivesebvations (MHS, SSMIS) are assimilated
in all-sky conditions, that is in clear as well as cloud onraffected situations (e.g., Geer et al 2014,
Baordo and Geer 2016). For the clear-sky assimilation ofrtleeowave temperature-sounding channels,
cloud-affected observations over land or sea-ice are seteeut by requiring the absolute value of the
First Guess (FG)-departure in the 52.8 GHz window channatiess than 0.7 K. Further cloud detection
for AMSU-A channel 5 and 6 (ATMS channels 6 and 7) is perforasged on a scatter index, requiring
the difference between the 23 GHz and 89 GHz channel to baHass3 K over surfaces classed as
snow-free from the observations. It is important to recegrhat the departure check on channel 4 also
acts as implicit quality control on the retrieved emissidnhd the applied skin temperature: for instance,
if the skin temperature is significantly in error (say, by mtinan 5 K), the skin temperature error will
be aliased into the emissivity estimate through the emigsigtrieval at 50.3 GHz, but the departures
for the 52.8 GHz channel calculated with this derived emigsiwill detect such inconsistencies. A
similar check is performed for the 183 GHz channels of ATMSsimilated in the clear-sky system.
These require the departures in the 165 GHz channel to béHass5 K (over sea-ice, the 89 GHz
channel is used instead for this). For the observationsaalihsky system, the retrieved emissivities are
compared to values from a climatological emissivity attag] retrievals with deviations that are too large
by twice the typical standard deviations are replaced tgsathlues. This is particularly important in
the all-sky system, where mismatched cloud signals fronemiasions or background can lead to larger
erroneous emissivity retrievals (Baordo and Geer 2016)clbiod screening is performed in the all-sky
system; larger representation errors associated with risgepce of clouds in either the observations
or the background fields are taken into account by assigmirget observation errors, using as cloud
indicator either a scatter index (MHS) or a polarisatiorfiedénce (SSMIS).

Observational biases are addressed through Variatiorel BGorrection (VarBC, Dee 2004). The bias
model for the sounding radiances uses a global offset cardhinth four layer thicknesses as linear air-
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mass predictors, and it employs a third-order polynomiahtmlel scan-position dependent biases. For
channel 4 and 5 of AMSU-A (channels 5, 6 and 17 for ATMS), a emtpaoffset and scan-bias model is
used over land and sea-ice, to account for a different bitisrpacompared to data over sea (Krzeminski
et al. 2008). The different bias pattern most likely refleiftedences in the emissivity bias between
the FASTEM emissivity model which is used over sea and thedhyo emissivities used over land and
sea-ice.

The clear-sky system has two additional features aimeck®itdo account the larger uncertainty asso-
ciated with emissivity estimates and the surface temperaiver land and sea-ice. Firstly, the surface
temperature is treated as a so-called sink variable, thatésvalue is retrieved for each satellite sounding
during the 4DVAR assimilation. This estimate is discardad does not affect the subsequent forecast
or the next analysis. This skin temperature sink variablesexd everywhere, and background errors are
set to 5 K over land (7.5 K over sea-ice), compared to 1 K ovay wereflect the larger uncertainty in

the background values. Secondly, larger surface emigsvibrs are taken into account for AMSU-A

Table 1: Usage of surface-sensitive microwave channelsidered in the present study. Land surfaces are treated
as snow-covered when the surface temperature from the ni@tlés below 278 K. A sea-ice fraction greater
than 0.01 or a sea surface temperature of less than 271.45u8dd to identify areas affected by sea-ice. Some
observations over land are subject to orography screenimgi¢ated by “(orog)” in the table), as follows:

Instrument and cleart Channel and fret Snow-free | Snow- Sea-ice
Type | sky/all-sky quency [GHZ] land covered
land
AMSU-A, clear-sky | 5(53.596:0.115) | yes yes N.Hem. only
(on NOAA-15,-16, | 6 (54.4) yes yesd yes
T -18, -19, Metop-A, -B)| 7 (54.94) yes yes yes
ATMS, clear-sky 6 (53.596:0.115) | yes yes no
(on S-NPP) 7 (54.4) yes yes no
8 (54.94) yes yes no
ATMS, clear-sky 18 (183.31+7) yes no no
(on S-NPP) 19 (183.31+4.5) | ye? no no
20 (183.31+3) yed no no
21(183.31+1.8) | yed no no
22 (183.31+1) yes no no
q MHS, all-sky 3(183.31+1) yes’ yes yes
(on NOAA-18,-19, | 4 (183.31+3) yed no yes
Metop-A, -B) 5190.311 yes® no no
SSMIS, all-sky 9(183.31+6.6) | yes?® no no
(on F-17) 10 (183.31+3) yed yed yes
11 (183.31+1) yes yes yes

1 Except over Antarctica.

2 Except where orography is higher than 1500 m over Antarctica

3 Except where orography is higher than 500 m (1000 m in thedspp
4 Except where orography is higher than 1500 m (2000 m in thgds).
5 Except where orography is higher than 800 m.

6 Except where orography is higher than 1000 m.

7 Except where orography is higher than 1500 m.

8 Except for latitudes poleward af60°.
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observations through the physically-based observatian arodel introduced by Lawrence et al. (2015).

The channels and instruments considered in the present andl their use in the ECMWF system
over land and sea-ice are summarised in Tdb(eeflecting data usage in cycle 43rl for the periods
studied here). These are the microwave sounding chanralhdve some surface-sensitivity; the in-
terpretation of this is somewhat broad - some of the char(eals, AMSU-A channel 8) tend to have
surface-sensitivity only over elevated surfaces, but taerterrain the surface-sensitivity is negligible.
As outlined in Tablel, certain channels are not used over some geographical argdsas the lowest
humidity-sounding channels over snow-covered land. Tdfiects remaining concerns over our ability
to estimate an effective surface emissivity and skin teatpee in certain areas. The present study also
revealed that there are some inconsistencies in theseswegecisions between different instruments,
apparent in Tablé: for instance, SSMIS channel 10 at 183t&L0 GHz is used over snow-covered land,
whereas the equivalent channel 4 on MHS is presently exdloder these areas; none of the humidity-
sounding channels of ATMS are presently used over sea-itenwquivalent MHS or SSMIS channels
are included. These inconsistencies are primarily duestotical reasons, and they have been addressed
in cycle 43R3 of the ECMWEF system (Weston et al. 2017).

2.2 Experiments

To assess the forecast impact of the surface-sensitiveowage sounding data, assimilation trials were
conducted with the ECMWF system for the two four-month pdsi@ June — 30 September 2014 and
2 December 2014 — 31 March 2015. Starting from a baselineriexget that does not assimilate the
surface-sensitive microwave sounding data listed in Taptata is first added over sea-ice, and subse-
guently data usage is extended to land surfaces, with thédityraounding observations added first and
then the temperature-sounding data (see Talide the grouping of humidity and temperature sounding
data). The following experiments were run:

Base: No surface-sensitive MW sounder data used over land anatsehut otherwise the full opera-
tional set of assimilated observations is assimilated.

Basetseaice: As Base, but with surface-sensitive MW sounder data added oveicgea-
Basetseaice+tWV land: As Basetseaice, but with MW humidity sounder data added over land.

Basetseaicetland: As BasetseaicetWV land, but with MW temperature sounder data added over
land. The observation usage is hence equivalent to the topeahsystem in 43r1.

All experiments assimilate the observations using ECMWRshour 4DVAR system, with an incre-
mental analysis resolution af Z55 (=80 km), a model resolution atch639 (18 km), and 137 levels

in the vertical. 10-day forecasts were conducted from e@chr@l 12 Z analysis. All experiments use
flow-dependent background errors derived from an Ensenilidaia Assimilations (EDA). For compu-
tational reasons, these are taken from the operationaraystind the same background error statistics
are used for all experiments. The effect of denying obsEmatn our experiments compared to the full
operational system is hence not taken into account in thefsgaion of the background errors, but the
changes to the background quality are considered suffigiemtall for this not to be a large effect.
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3 Analysisand forecast impact

3.1 Impact of data over land and sea-ice

We will first discuss the forecast impact of the use of suHsmesitive microwave sounding data over
land and sea-ice, respectively, by comparing the expetsBase+seaicet+land, Base+seaice andBase.
Figure 1 summarises the forecast impact in terms of the change inghdline 500 hPa geopotential
root-mean-squared error (RMSE).

There is a clear statistically significant benefit from theiradation of the data over sea-ice and land
(Fig. 1). Adding data over both surfaces leads to a reduction indhecast error in most geophysical
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Figure 1: Normalised difference in the RMSE of the forecésthe 500 hPa geopotential as a function of forecast
range compared to thBase experiment, for the Southern Hemisphere extra-tropidt) @ad the Northern Hemi-
sphere extra-tropics (right). Results are shown for Base+seaicet+land experiment (black) and thease+seaice
experiment (red). Each experiment has been verified agiénstvn analysis, and negative values indicate a re-
duction in the forecast errors from adding the observatioxsrtical bars indicate statistical significance at the
95 % level. The top row shows results over the two seasonsisethfup to 480 forecasts over 8 months), whereas
the middle shows results for the June-September periodo(@d 1 forecasts over 4 months) and the bottom row
results for the December-March period (up to 239 forecasts @ months).
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Figure 2: Zonal mean of the normalised difference in the R¥th® forecast error in the 500 hPa geopotential
at day 3 between thBase+seaicetland andBase experiment. Each experiment has been verified against its ow
analysis, and negative numbers indicate a reduction ina@hechst errors from adding the observations. Hatching
indicate statistical significance at the 95 % level. Redaltshe two seasons considered here have been combined.

variables of typically 1-3 % up to day 5 compared to Bese experiment, with a similar impact in terms

of the standard deviation of the forecast error. Most of itinigact is primarily found at higher latitudes

(Fig. 2), ie areas covered by sea-ice, but also remote land areasasusiberia and Northern Canada
which are more poorly covered by conventional observatiofke forecast impact over the tropical

regions appears to be relatively limited. This is consistgth a relatively smaller impact of microwave

sounding observations in tropical regions in general (éigNally et al. 2014), together with a smaller
extent of land-covered surfaces and hence smaller changles data usage in these experiments.

As expected, there is a very clear seasonal dependence fafréoast impact, reflecting, for instance,
the much larger sea-ice extent over the Southern Hemisplugireg the June-September period (cf the
middle and lower row in Figl). Adding the data over land also shows seasonal dependeerce¢he
Northern Hemisphere (compare the black and the red lingseimight column of Figl), with consid-
erably larger impact over the summer period. This is likelyp¢ linked to the larger extent of the snow
cover during winter and the relatively reduced data usage these surfaces (see secttof). We will
further discuss the impact of specific geographical regiimsn we examine results from adjoint-based
forecast impact diagnostics.

The beneficial forecast impact from the microwave soundéa dger land in the short-range is also
demonstrated through improved background fits to convealttiobservations (cf the black and the red
line in Fig. 3a-c). The benefit of the data over sea-ice is less clear irethemispheric statistics, but
standard deviations of background departures for radaeover the polar regions only also confirm
a beneficial impact (Fig4, left). In addition, the background fit to lower tropospleehyperspectral
infrared satellite observations is significantly improtkecbugh the assimilation of the data over sea-ice
(e.g., see red line Figd), consistent with the impact previously noted in analpsised forecast scores.
The IASI observations also confirm significant benefits imieof humidity (see channel numbers larger
than 1639), primarily from the assimilation of the microwaounding data over land. This is consistent
with the significant improvements seen for humidity fromiogsdndes (Fig3b). The finding is, how-
ever, remarkable, as IASI observations are not assimilatedland, so the noted effect must be due to
accumulated benefits advected downstream from the affentecareas.

The assimilation of the MW sounding data over sea-ice intceg a significant change to the mean
temperature and humidity analyses at lower levels overd@bgmns covered by sea-ice (e.g., F#. as
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Figure 3: a) Standard deviation of background departuresfsimilated temperature observations from radioson-
des for theBase+seaicetland experiment (black) and tHgase+seaice experiment (red), both normalised by values
for the Base experiment. Horizontal bars indicate statistical sigrafice at the 95 % level. Results for the two
seasons considered here have been combined, coverind aft8tmonths. b) As a), but for humidity observations
from radiosondes. c) Ad a), but for conventional wind obagons (from sondes, aircraft, and profilers). d) Ad

a), but for observations from the IASI instruments on Metogrd Metop-B. Here, dotted lines indicate 95 %
confidence intervals.

previously reported by Di Tomaso et al. (2013) for the intrctibn of MHS data over sea-ice . For the
Southern Hemisphere winter season, the mean temperat8&0diPa is typically 0.1-0.8 K warmer
around Antarctica with the MW sounding data over sea-icduded (Fig.5b). Radio-sondes provide
some support for this change, indicating the reduction dbresiclerable cold bias at 850 hPa, at least
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Figure 4: Top row: Background (solid) and analysis (dottddparture statistics for used radiosonde temperature
observations in the South Polar region for the June-Sepeempériod. Standard deviations from tBase+seaice
experiments are shown on the left, normalised by valuestin@Base experiment [%]. Biases [K] are displayed
on the right, with values from thBase experiment in red and from th@ase+seaice experiment in black. Bottom
row: As above, but for radiosonde humidity observationgh wiases in kg/kg.

over the coastal areas where most radiosondes reside(Fog. right). Note, however, that at 1000 hPa
this turns into a warm bias of the analysis against the radidss. It appears that the data is partly
correcting a previously present bias, but there are alsicdtidns for an over-correction, likely to be
linked to biases in the surface emissivity retrieval ovavsand sea-ice, further discussed in secbdh
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Figure 5: Differences in the mean temperature analyses @tt8% between thBasetseaice and theBase exper-
iment [K] for the respective winter seasons, ie a) for the &aber-March period over the Arctic regions, and b)
for the June-September period over Antarctica.

3.2 Impact of temperature and humidity sounding data over land

Next we will investigate the respective impact of adding hlnenidity and the temperature sounding mi-
crowave data over land. Here, we compare the experiniemstseaice+land and Baset+seaicetWV
land to Baset+seaice. Note that we do not compare here the separate addition qfeierture and hu-
midity sounding data over land, respectively, but instdeddffect of adding the two types of data se-
quentially, and we add the temperature-sounding data iptésence of the humidity-sounding data.
It could be argued that this favours the humidity-soundiatpdas it is added first, making it easier to

Z: SH -90° to —20°, 500hPa Z: NH 20° to 90°, 500hPa
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Figure 6: Forecast scores for both seasons combined, asarap row of Fig.1, but for the comparison of the
Basetseaicet+land (black) and theBaset+seaice+WV land experiment (red) to thBase+seaice experiment.
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lead to improvements. But it could also be argued that itdesahe temperature-sounding data, as any
potential benefits from a synergistic use of humidity andgerature sounding data (e.qg., in terms of

better distinction of temperature and humidity/cloud sighwill appear as benefits from the addition of

the temperature-sounding data.

Both, the temperature and the humidity sounding data shatatstically significant reduction in the
forecast errors for the geopotential or temperature owetrtposphere (e.g., Fig). This is particularly
the case for the Northern Hemisphere where most of the datilsd and forecast benefits are significant
up to day 4-5. For the Northern Hemisphere, the benefit ofradthie temperature-sounding data in
addition to the humidity-sounding data is roughly similamnagnitude to the benefit of initially adding
the humidity-sounding data. Over the Southern Hemisphheeimpact is less statistically significant,
owing largely to the smaller amount of land and hence thelsmalmber of observations added in these
experiments.

As noted earlier, there is considerable seasonal depead#ntie forecast impact. The reduction in
the forecast error for adding the temperature and humiditymding data over the Northern Hemisphere
reaches around 3 % for the summer period, whereas it staydynbetow 1 % for the winter season
(Fig. 7). Over the winter season, the benefits are almost entiréligaed by the humidity sounding data,
whereas the further impact of adding the temperature sagratita is mostly neutral for this season. This
is particularly note-worthy as the assimilation of the hditytsounding data over snow-covered surfaces
is limited to channel 3 of MHS and channels 10 and 11 of SSMiBése experiments and other channels
are rejected outright. In contrast, all channels constiéwere for the temperature-sounding data are
considered for assimilation over snow, even though mamhytfaiquality control check on the departures
of the 50.3 GHz window channel, such that the proportion tiaty assimilated data is lower than over
snow-free land surfaces. We will get back to this aspectéti@es4 and5.2

The short-range forecast impact is further highlighted bgsidering the standard deviation of back-
ground departures for a selection of observations in &igConsistent with the medium-range scores,

Z: NH 20° to 90°, 500hPa Z: NH 20° to 90°, 500hPa

0.04 0.02F
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Figure 7: Normalised difference in the RMSE of the forec&she 500 hPa geopotential as a function of forecast
range compared to thBasetseaice experiment, for the Northern Hemisphere extra-tropicssuRe are shown
for the Baset+seaicetland experiment (black) and thgase+seaice+WV land experiment (red), and the left panel
shows results for the June-September periods, whereasghepanel shows results for the December-March
period, each covering four months. Each experiment has bedfied against its own analysis, and negative
numbers indicate a reduction in the forecast errors fromiagdhe observations. Vertical bars indicate statistical
significance at the 95 % level.
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Figure 8: As Fig.3, but for the comparison of thBaset+seaicetland (black) and theBase+seaicetWV land

experiment (red) to thBasetseaice experiment.

these indicate statistically significant reductions inrshange forecast errors from adding the humidity-
sounding data over land, with further statistically sigrafit benefits for temperature and wind observed
by radiosondes from adding the temperature-sounding dataland. Interestingly, for temperature ob-
servations from radiosondes, the signal from adding theidiityysounding data appears to be stronger
than the additional benefit from adding the temperaturexdiog data. This is likely due to adjustments
in response to the dynamical information implicitly prog@by the humidity-sounding observations.

12
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4 Forecast Sensitivity to the Observation I mpact

We will now attempt a more detailed assessment of the impastidace-sensitive microwave data
considered here in terms of the geographical distributibth@ir impact. This will be done using the
adjoint-based Forecast Sensitivity to the Observatioralchdiagnostic (FSOI; e.g., Langland and Baker
2004, Cardinali 2009). In the ECMWEF system, this measureiges an estimate of the impact of an
observation in terms of reducing the overall 24 h forecasireweighted by a global dry total energy
norm. For technical and computational reasons, the statigtesented here are taken from the opera-
tional ECMWF system, rather than the previously discuss@ar@ments. In order to use the version of
the ECMWF system consistent with that used in the previoctose we present results not for the same
period, but rather the corresponding period in 2016. Thgues that the data selection for the instru-
ments considered, and in particular the coverage over ladd@a-ice is consistent. Note, however, that
the June-September 2016 period includes the assimilafia82GHz channels from MWHS-2 which
was not used in the observing experiments presented in #wops section, and hence will also not be
included in the FSOI statistics here. As cycle 41r2 only bez@perational on 8 March 2016, we only
show statistics for the last 23 days of March 2016 for the sés@ason.

Figure9 shows maps of the distribution of the combined FSOI of thenks considered here. An equal-
area display with accumulations over equal-area boxesachto more appropriately compare different
regions of the globe. Globally, the temperature-soundiranaoels shown in these maps contribute 10.9 %
to the overall FSOI for all observations, with the humidsiyunding channels contributing 12.6 %. The
detailed interpretation of these maps is not always sttfighard, as the values will be influenced by a
range of factors unrelated to the use of surface-sensibigergations over land, including the temporal
positioning of the data within the assimilation window. é|$SOI uses an analysis to estimate forecast
errors, and while this is arguably the best estimate of the atmosphere, this practice is likely to be
plagued by general problems with analysis-based verificati the short-range, related to correlations
between analysis and forecast errors. This is particulambplematic in the tropics. In addition, the
influence of model bias on FSOI estimates is somewhat unalehhas been found to give mis-leading
results (e.g., Cardinali and Prates 2009).

Despite these caveats, FSOI indicates rather strong ingvactremote land areas at higher latitudes,
such as over North-Eastern Canada and Siberia, and oveotitee®n Hemisphere sea-ice. This is over-
all consistent with expectations and with the results frbm aébserving system experiments discussed
earlier. Over the more remote higher latitude regions, thgaict is helped by the relatively frequent
sampling provided by the polar satellites, leading to eéy@bservation counts. The sea-ice regions are
associated with some of the largest FSOI contributiongpitlea more restrictive data usage in this area
resulting from the difficulties of estimating surface emvigg. The relatively large contribution over sea-
ice, albeit over quite a small area, is consistent with thesiclerable impact from the OSEs when data
over this region is denied. For the June-September peffiedi-§OI contributions for the temperature
and humidity sounding observations shows overall a retigimilar pattern over these more remote
higher latitude areas.

Comparisons between Figur@and10reveal, among other things, the impact of the reduced daigeus
in snow-covered areas over the Northern Hemisphere. Tiuarigcularly noticeable for the humidity-
sounding channels, where the lowest sounding channelspeead outright in regions with surface
temperatures below 278 K and hence potential snow cover.téfhperature-sounding channels fare a
little better in terms of FSOI contributions in these snawred areas. This is even though the impact
is less apparent in the OSEs discussed earlier.

For the temperature-sounding data, some of the largest E&@tibutions are found over the Sahel
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Figure 9: Maps of contributions to the total FSOI (left colojrand the number of observations (right column)

for the operational ECMWEF system over the period 2 June - 3eBeber 2016. The top row shows statistics
for the surface sensitive microwave temperature-soundiramnels of AMSU-A and ATMS, the middle row the
microwave humidity-sounding channels of MHS, ATMS, andISSand the bottom row the combined statistics.

Normalisation is always such that the sum of all contribntidor the sub-set of data shown gives 100 %, and
positive values indicate a reduction in forecast error. fdirg is in equal-area boxes, with the size corresponding
to 2.5x 2.5 at the equator. Dashed white lines indicate the averageicea&order for the period shown.

region for the June-September period and over the Congm Bablarch. This is in contrast to the more
neutral medium-range forecast impact of the data over larttie tropical region found earlier in the
OSE. The feature is most prominent in AMSU-A channel 6 (ATNi&rmnel 7), sensitive to temperature
around 200-700 hPa. This most likely reflects an interaciwith the diurnal cycle of the convection
scheme while the Intertropical Convergence Zone is posticover the regions in question. The feature
appears to be largest between local solar times (LTs) of Ziougs, as can be seen in Fid(top) which
shows the FSOI per observation over a box covering the featuguestion over the wider Eastern Sahel
region (see Figl2 for the positioning of the box). The FSOI contribution is simoas a function of the
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Figure 10: As Fig9, but for the period 8 - 31 March 2016.

temporal positioning of the satellite over-passes in ttsnaitation window (x-axis), since observations
towards the end of the 12-hour assimilation window tend teeHarger impact (e.g., Cardinali 2014).
Colours indicate the LT. For similar positions within thesiasilation window, observations with an LT
between 21 and 9 hours show much larger FSOI contributiepeadgally for channel 6, whereas FSOI
instead even suggests some detrimental impact betweerd154r.

The feature of enhanced FSOIl is also associated with coabi@ebiases in the assimilated observations.
Between 21 and 9 hours LT mean channel 5 or 6 departures iegienrsuggest that the background is,
on average, too cold compared to the observations, whereas departures suggest that the background
is too warm around mid-day (bottom row of Fifyl). The warm bias in the departures at night-time
is unlikely to be residual cloud contamination, but may east be the result of a lack of night-time
convective rain in the ECMWF model, associated with insigfit latent heating (e.g., Bechtold et al
2014, Lopez 2014) The region is also an area where the introduction of the ctataidered here leads

INote that this is distinct from the finding of Chambon and G&et7) that the diurnal cycle of all-sky humidity-sounding
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Figure 11: Top row: Contribution to the FSOI per observasaover the wider Eastern Sahel region (0 to 18 N;
15 to 35 E) from the ECMWEF operational system during the me#idJune to 30 September 2016 for the three
microwave temperature-sounding channels considered fdre values are shown in terms of the positioning of
the satellite over-passes within the assimilation windenaXis), and colour coded by the LT (h). Bottom row: As
top row, but for the mean departures after bias correctiartli@ assimilated observations.

to some of the largest changes in the size of the incremeritei®@SEs (not shown). At this point, it
is not clear whether the larger FSOI contributions are asigeal of more influential observations, or
instead an artifact, resulting from issues with the venifyanalysis and diurnal model biases. A similar,
but weaker signal can be found in the humidity-sounding @atéhe June-September period (Fig@e
and10, middle).

Areas with lower FSOI contribution from the surface-semsitM\W radiances over land are primar-
ily found over areas relatively well-observed by convemsilbobservations (e.g., Europe, USA, Eastern
China), regions of more restricted data usage such as higlain or snow, as well as some desert
regions (Figured and10). The desert regions show particularly low impact from therowave tem-
perature sounding channels (e.g., over the Sahara, Argbiginsula, Australia), whereas the humidity
sounding channel fare better in some of these regions (edlgete Sahara). The smaller FSOI con-
tribution may be related to problems in the estimation ofghdace emissivity due to diurnal biases in
the skin temperature estimates used for emissivity estmaiflhis aspect will be discussed further in
section5.1

departures over land suggests that convective clouds drespweesented in the ECMWF system at night-time.
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Figure 12: Locations of regions of interest considered iis $tudy.

5 Issues

The previous sections have highlighted the value of theralsgion of surface-sensitive microwave data
over land and sea-ice in the present operational ECMWF sydtds clear that the present approaches
are capable of extracting useful information from the adated observations, and the data contributes
positively to forecast skKill.

Nevertheless, it is worth critically assessing where thes@nt approaches exhibit short-comings and
where there are areas of potential improvements, also witleva of increasing data usage. In the

following, we will summarise such areas and investigateesonmore detail. One aim is to identify areas

for future developments, in particular, where there are-avehing issues that require new assimilation
approaches.

Figure 13 shows departure statistics for NOAA-19 AMSU-A channel % thost surface-sensitive
temperature-sounding channel considered in the ECMWImhdatibn system. For most regions, these
statistics look as expected: standard deviations of backgtr departures are a little larger over land than
over sea, indicative of larger errors associated with awifigsand skin-temperature error over land, and
this is addressed through the setting of larger observatitr and larger background error for the skin
temperature (Lawrence et al. 2015). Mostly, biases areatlsimilar levels over land as over ocean and
for many regions the number of observations that pass yualittrol is at a similar level as over ocean.
However, there are specific areas for which this is not the,casd these are the areas typically seen as
“difficult” for the assimilation of surface-sensitive radlices:

Desert: Reduced data usage is apparent over some desert regianSédara, Arabia) for both periods.
Some of these areas are also associated with larger stafelaations of background departures.
There is no specific quality control implemented for desegians, so the rejections are the result
of more general quality control steps designed to eliminatervations which are not sufficiently
modelled by the background. Note, however, that some desgidns do not show clear signs of
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a) Obs—FG bias, Aug 2014 b) Obs-FG bias, Feb 2015
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Figure 13: a) Bias between observations and background $ésimilated AMSU-A channel 5 observations from
NOAA-19 after bias correction for August 2014 for tBase+seaicet+land experiment introduced in sectié b)

As a), but for February 2015. c) As a), but for the standardiaén of background departures. d) As c), but for
February 2015. e) Number of used observations for AMSU-Acbis from NOAA-19 for August 2014 for the
Basetseaicet+land. f) As e), but for February 2015.

higher rejections, most notably Australia.

Snow: For the February period, regions over the Northern Hemigphdth heavy snow cover (e.g.,
Canada, Siberia) show larger positive biases and also nadtticed data usage compared to the
August period. Again, there is no specific exclusion of datxr anow-covered areas, but it appears
that we do not model the observations as well in these ditusiths elsewhere, prompting general
quality control steps to exclude these observations. Itdglwnoting that the projection used in
Fig. 13 emphasises the effect, both in terms of the low number ofrgbens and the affected
areas. These high-latitude areas are also the regionsehatibmost from the better sampling of
polar-orbiting satellites, and on a per-area basis the eummitused observations is not necessarily
worse than, say, in tropical regions over sea (comparelBifpr an equal-area projection of this).
Nevertheless, the larger number of rejections indicatesesssues with the current data usage.

Sea-ice. The February period also reveals larger biases (positiveeisas negative) and elevated stan-
dard deviations over Northern Hemisphere sea-ice regiemsthe Southern Hemisphere, sea-ice
regions are rejected explicitly.

High orography: For regions with high orography, the channel shown will hetvenger surface-sensitivity
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and hence the contribution from the uncertainties in théasarmodelling become too large. This
aspect is estimated through the situation-dependent \aiger error (Lawrence et al. 2015), and
the rejections are due to the estimate of this uncertainyriboition becoming too large. The chan-
nel will also contain less information on the atmosphere hgroviding less incentive to optimise
the assimilation.

To further complement the above, Fitla shows the temporal evolution of the surface emissivity est
mate used in the assimilation over a 9-month period for arei Eastern Russia (just East of Yakutsk,
see Fig.12). The area shows fairly homogeneous vegetation, covelathply by boreal forest. For
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Figure 14: a) Estimated emissivity for the 50 GHz soundireyetels for a % 2° box around 62N, 132E in Eastern
Russia, east of Yakutsk. The values are 12-hourly meansatharailable AMSU-A and ATMS data, separated
by satellites, and they are taken from ECMWF's operationigh-tesolution system. Colour coding indicates the
mean surface-to-space transmittance. b) Mean observations background departure in AMSU-A channel 4
(or ATMS channel 5) for the same observations and samplirigy as
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large parts of the year, the dynamically estimated emtgssliows only little variation, staying within a
narrow band oft+0.01 in terms of day-to-day variation, and with some smalkseal differences, pos-
sibly linked to changes in vegetation. Some of the day-tpstatter in the retrieved emissivities during
this period may be linked to real effects, such as poladeatiifferences in the observations resulting
from different viewing geometries or sudden changes in titase characteristics. But some variabil-
ity will also be erroneous, resulting from aliasing of bakgnd errors or cloud contamination into the
emissivity estimate. In any case, the slow evolution of tinéssivities and the relatively confined scatter
shown for the period May to mid-October in Fity4 is a typical example for many non-desert, lower
altitude regions with no snow cover. The behaviour undeslithat an appropriate atlas, possibly slowly
evolving in time, should be at least as adequate for the fipatadn of surface emissivity as the dynamic
emissivities in these cases.

However, Fig.14a also shows some deviations from the slow evolution: motsthhyg there are strong
variations in surface emissivity at times during the spningnths or late November, associated with
changes due to snow during these periods. Here, day-to-aégbility can become large, indicating
either actual temporal changes in the snow morphology cercayr larger uncertainty in the estimated
emissivity. During this time, channel 4 departures shownaldéacy for larger positive departures. It is
already clear from this that snow provides a larger chabdiog the surface emissivity specification.

Fig. 14a also highlights another issue: even during the summerhmdhére are occasions during which
the emissivity estimates drop suddenly outside the prefyozonfined band. The times tend to be asso-
ciated with sizeable channel 4 departures (below -1 K). @lgel departures in channel 4 suggest that the
background calculations for channel 4 are not consistetit @iservations. Further investigation shows
that these are mostly instances of strong and persistemd/ckon contamination. Neglecting cloud/rain
contributions in the emissivity retrieval leads to the lowenissivity estimates for these occasions. This
aspect will be further discussed in sectmB.

In summary, this overview has highlighted potential stomntaings in the assimilation of surface-sensitive
microwave data over desert, snow, and related to cloud tilmteat least in the temperature-sounding
channels. In the following, we will investigate these asp@t some more detail in turn.

51 Desert

The above overview has highlighted that desert regionsapperticularly challenging to use for mi-
crowave temperature sounding observations at 50 GHz, derevihrough fewer observations passing
the quality control checks in these regions. This has bealysed in further detail, through departure
statistics over a number of small areas in desert regionsnfexample, we will discuss here the perfor-
mance over a 2° region in the Eastern Sahara (centred at 22N, 28E, sed BigDeparture statistics
for this area are very typical of a range of other desert sftesh as elsewhere in the Sahara or in the
Arabian or Kalahari deserts.

Making use of the different satellites with varying ovespdimes, Figl5 shows the mean diurnal cycle

in channels 4-6 of AMSU-A (and 5-7 of ATMS) over the selectedion. Very large positive departures
(too low FG) are apparent during night-time and less sevegative departures during day-time. The
Figure is based on all data before quality control, and itésicthat many night-time observations will

be rejected through the strict departure check for chanrfedquiring the absolute value of channel 4
departures to be less than 0.7 K). This is the main mechanisynfewer observations are used over
desert regions in our experiments. The biases in the sarfipleservations that are allowed to affect the
analysis are therefore much smaller, and the quality cbatracessfully protects the analysis from the
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Figure 15: Mean FG departures after bias correction in AM8ld¢hannel 4 (left), channel 5 (middle) and channel
6 (right) as a function of the local solar time associatedhwtite satellite over-pass for all observations with a
zenith angle of less than 2@ver a 2 x 2° area centred around 22N 28E in the Eastern Sahara desertp@&tied

is June to August 2014 and the statistics are taken fronBtHse+seaicetland experiment introduced in secti@n
Also included are departures for equivalent ATMS channalgflon S-NPP (channels 5 to 7, respectively).
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Figure 16: Mean surface emissivities retrieved from chdinebservations of AMSU-A (channel 4 of ATMS) as
a function of the local solar time associated with the s#tethver-pass over a region in the Eastern Sahara. The
data selection and area are the same as in Eig).

worst biases. However, the rejections are not due to clffedtad observations, as cloud contamination
is negligible over this site. As similarly strong day/niglifferences are not found elsewhere, the origin
of these diurnal biases is most likely local biases in the Fa@radiative transfer calculations.

The diurnal biases in the FG departures are associated igitlicant diurnal variation in the retrieved
surface emissivity, as displayed in Fit. Variations of around 0.05 are apparent, larger than eggdect
over desert regions with stable surface conditions (e.pdgand Weng 2008). Figurk? shows that
similar relatively large day/night differences in the ieted surface emissivities occur over many other
desert regions. Aside from over the Sahara, similar charatits are found especially for the Arabian,
Kalahari or Taklamakan (Western China) deserts, with thgnitade somewhat seasonally dependent
(not shown).

Further investigations show that the diurnal characiesisddisplayed are consistent with very sizeable
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Figure 17: Difference in the mean retrieved surface emigsat 50.3 GHz between night (1:30) and day (13:30)
obtained for ATMS over the period June-August 2014. Datanisdadl in 1x2 boxes and all emissivity retrievals
from observations with a zenith angle less thaf B@ve been considered, with no attempt to screen for clouds.

diurnal biases in the temperature used to determine thacgurBdiation. Biases in this temperature
will affect the retrieved surface emissivity, and any dalrbiases will lead to an erroneous estimate
of diurnal variation of emissivity. This will then affect é¢hsubsequent radiative transfer calculations
for the sounding channels. The biased emissivity estimdteartially mask the surface temperature
biases for the sounding channels, but some biases will theless remain due to the surface reflection
term in the radiative transfer equation and different sigfaensitivity in the two channels. A similar
diurnal behaviour has been found for emissivities retdefrem SSMIS imaging channels over desert
regions by Baordo and Geer (2016). The aspects are explaveslquantitatively in the following using

a simulation approach.

The simulation of the effect is based on atmospheric profiled skin temperature information ex-
tracted from the ECMWF FG at S-NPP ATMS locations over a similesert region during two days
in July 2015. We use S-NPP ATMS, as it exhibits some of theretaday/night bias differences (due
to the 1:30/13:30 LT overpass times), and offers an additisnrface-sensitive channel (channel 4 at
51.76 GHz) not available on AMSU-A. The atmospheric profdad skin temperature values are treated
as “truth”, combined with surface emissivity estimatesiesed from ATMS observations, and together
these are used to first simulate “true” (clear-sky) obs@rmaf as illustrated in Figl8 (see “True B").

We then perform an emissivity retrieval with these “true’sebvations, using radiative transfer terms
determined by the “true” atmospheric profiles, but with sstaalded to the “true” surface temperature.
This results in a retrieved perturbed emissivity. Togethign the biased surface temperature this is sub-
sequently used again in radiative transfer calculationghfe sounding channels, to lead to perturbed
brightness temperatures (see “Perturbgaii right-hand-side of Figl8). These can then be compared
to the “true” observations to obtain the effect of the biadeatlearlier to the skin temperature. All radia-
tive transfer calculations are restricted to clear-skye Tésults are summarised in FI through blue
triangles, plotted as a function of surface-to-space irditesnce, a useful coordinate to display the results
from several channels. Also shown are mean observed deggftom S-NPP ATMS, with night-time
values indicated through stars and day-time values thrdoggh

Figure19illustrates that an 8 K cold bias in the FG surface tempegatan explain the mean observed
FG-departures in channels 4 to 6 at night-time for the seteotgion, whereas a 1.5 K warm bias is
sufficient to explain the observed bias at day-time. Nighetbiases of 5-10 K can similarly explain
the observed pattern for other desert regions in Africa argbi& (hot shown). In other words, our
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Figure 18: Flow-chart illustrating the simulation framewoused in sectios.1 All RTTOV calculations refer to
clear-sky calculation using the specular assumption. ktisa 5.2, the same framework is used, but the RTTOV
calculations to produce the “true” g (and only these) employ the simple approximation of the laatiam effect
available in RTTOV. Similarly, in sectidn3, RTTOV is replaced by RTTOV-SCAT to calculate the “true’ucyp

Tg only.

analysis suggests that the diurnal cycle in the surfacedeatyre estimates used in the radiative transfer
simulations in the ECMWEF assimilation system appears tabdarge in desert regions - it should be
significantly warmer at night-time and a little colder at eaye.

The origin of this relatively large diurnal bias is likely te a combination of sub-surface contribu-
tions for the true surface radiation, together with deficies in the diurnal cycle of the model surface
temperature. In the ECMWF system, the surface contributiotihe radiative transfer calculations is
determined through the model skin temperature, repregptgimperature in the top-most millimetre of
the land surface. However in arid regions, the penetratépildat microwave frequencies can be signif-
icant, reaching several centimetres at 50 GHz frequenagegreviously inferred by Prigent et al. (1999)
or modelled by Grody and Weng (2008) and others. Sub-sudaitéemperatures will exhibit a more
dampened diurnal cycle, as is, for instance, captured b @&WF soil model for this area (Fi@0).
The deeper layers exhibit several K differences in ampdisuaf the diurnal cycles. The night-time desert
biases in the AMSU-A departures could be significantly redui€we used a temperature taken from the
top 10-30 cm of the ECMWF soil model to specify the surfacerdoutions, instead of the skin tempera-
ture. The required penetration depth for these channelsidrb0 GHz is in good agreement with values
derived by Galantowicz et al. (2011), albeit a little largjean values proposed by Prigent et al. (1999)
or Grody and Weng (2008). The geographical regions affdayeslispiciously large differences in emis-
sivities between night and day (Fitj7) are also similar to those highlighted by Norouzi et al. 20ib
similar studies of retrieved emissivity estimates thatehlagen attributed to similar effects (their Figure
1). Alternative explanations for similar effects have beensidered and discarded by Galantowicz et
al. (2011). There are hence strong indications that peaiwiraffects are at least partially explaining the
observed biases also in our case.

Taking the penetration depth better into account would,éwar introduce much larger negative biases
during day-time, for which biases were previously smaltrss explanation is not sufficient. A plausible
hypothesis is that during day-time, the over-estimatiothefeffective surface temperature arising from
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Figure 19: Effect of skin-temperature biases on observediepartures: Stars and dots show mean FG-departures
after bias correction in channels 4 to 7 of ATMS on S-NPP (de#n5-7 of ATMS are equivalent to channels 4-6
of AMSU-A). Statistics were accumulated by scan-positiod,are plotted as a function of the mean surface-to-
space transmittance. Stars show statistics accumulatedidiit-time over-passes (1:30 LT), and dots statistics
for day-time over-passes (13:30 LT). Different shadesef/ged distinguish the different channels, with channel 4
displayed by the darkest grey/red. Statistics are basedlabaervations during the period June to August 2014,
calculated from théase+seaicetland experiment, over a region in the Eastern Sahara as in Fig.Also shown

are results from simulations of the effect of skin tempeealtiases on the emissivity retrieval and the subsequent
radiative transfer calculations (blue triangles), simtiteg an 8 K under-estimation of the skin temperature during
night-time and a 1.5 K over-estimation during day-time. e\thtat channel 4 and 5 of ATMS are presently not
assimilated in the ECMWF system. See main text for furthiilde

the effects of penetration depth are - at least partiallynpensated for by biases of the opposite sign in
the modelling of the diurnal cycle of the skin temperaturéhim IFS. Supporting this, Trigo et al. (2015)
found that the day-time peak of the skin temperature is uadémated over desert regions by several K,
whereas night-time values are more adequate (albeit lslighier-estimated). The two opposing biases
may be the reason why day-time biases for the microwave datnaaller than night-time biases. Further
work is required to confirm these explanations.

The previous analysis has been repeated for the 183 GHz isgualdservations, used in the all-sky
system. While the surface emissivities retrieved with tBeGHz channel show similar diurnal bias
pattern as the 50 GHz ones (albeit with slightly smaller atongbé of 0.03), the diurnal bias pattern for
the departures in the 183 GHz sounding channels are muchlézss The reasons for this are not fully
understood, but it may be a result of smaller surface peaimtraepths at 183 GHz and therefore a
smaller effect, or it may be a reflection that larger uncatias in the FG humidity fields dominate the
statistics in these regions.

Our analysis suggests that the assimilation of 50 GHz miavewemperature sounding observations
over desert regions is significantly hampered by large diuprases in the surface temperature used in
the emissivity retrieval and radiative transfer calcalas. The use of a more appropriate surface tem-
perature estimate that reflects the deeper penetratiom dept these surfaces is likely to offer some
improvements in these regions. This could be derived usifiggrnation from the soil model available in
the IFS, following approaches of Prigent et al. (1999) ora@tdwicz et al. (2011), allowing for different
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Figure 20: Left: Mean diurnal cycle of the model skin tempera (black), and the temperatures of the first (red)
and second (blue) soil layer, taken from 0-11 h forecasta@BCMWF operational high-resolution system for the
period June-August 2016 over a region in the Eastern Sahsiia &ig. 15. Right: Diurnal cycle of the difference
between the skin temperature and the temperature of thériidtand second (blue) soil layer.

penetration depths for different frequencies. Alterresivthe simultaneous retrieval of a surface temper-
ature and surface emissivity might be advantageous, asiithviimprove over the current situation where
errors in the surface temperature are aliased into entigsisiors which subsequently prevent a reliable
retrieval of the surface temperature in the 4DVAR sink Jada The simultaneous emissivity and skin
temperature retrieval may require the use of several winclmannels to better separate the emissivity
and surface temperature signal, in conjunction with apmig background constraints on emissivity
and surface temperature reflecting their expected erras dasert regions. Related approaches have,
for instance, been developed by Boukabara et al. (2013) gy and such concepts could be applied
either prior or during 4DVAR (e.g., Pavelin and Candy 2014).

5.2 Snow

As highlighted before, snow-covered surfaces can showvtivela large temporal, spatial and spectral
variability in the estimated surface emissivity (e.g.,.Hid), and they show larger numbers of rejected
observations. For AMSU-A, the data are primarily rejectedduse channel 4 shows larger positive
departures above the 0.7 K threshold applied to this windoangel. An example of typical mean
departure statistics for all data during January to March52or the same region is shown in Figjl
(see Fig.12 for the location). Relatively large positive departures also present in the assimilated
channels 5 and 6, and some channels also exhibit a weak daycia. Cloud effects have been found
to be negligible during this period in this area, so the t@@s are due to other inconsistencies between
observations and FG equivalents. Of course, in the sampdssimilated observations the biases are
much smaller, but as seen in FiBb, a positive bias is still present in some snow-coveredsdi@ahe
assimilated observations from channel 5.

A plausible source for these fairly large positive biasdkésspecular assumption used in the underlying
radiative transfer calculations, both for the emissivétrieval and the calculation of observation equiva-
lents. Several authors have argued that snow behaves rk@gelliambertian surface, and that assuming
specular reflection instead leads to biases in the retriewgdsivities (e.g., Guedj et al 2010, Matzler
2005). Toinvestigate this aspect, stars and filled cirelésd. 22 show mean departures for ATMS chan-
nels 4-7 from S-NPP for two regions with snow cover duringudamp-March 2015, displayed in a similar
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Figure 21: Mean FG departures after bias correction in AM8l¢hannel 4 (left), channel 5 (middle) and channel
6 (right) as a function of the local solar time associatedhwihe satellite over-pass for all observations with
a zenith angle of less than 20over a 2 x2° area centred around 62N 132E in Eastern Russia. The period
is January to March 2016 and the statistics are taken fromBE@MWF operational assimilation system. Also
included are departures for equivalent ATMS channels flow8-dNPP (channels 5 to 7, respectively).

way as in Fig19 (see Figl2for the locations). The statistics are taken from the ci@rassimilation of
ATMS. Each channel is indicated through different colowadds, and each datum represents the bias for
a particular scan position. This means the variation witlamsurface-to-space transmittance is caused
primarily through different zenith angles, and within eattannel the smallest surface-to-space trans-
mittances will originate from the outer fields of views wittetlargest zenith angles:65°), whereas the
largest surface-to-space transmittances are associdtedhe nadir views. For each channel the bias
increases markedly with surface-to-space transmittarcaith decreasing zenith angle). But there is a
noticeable drop in bias as a function of surface-to-spamgstnittance when we move from one channel
to the next, quite different from the smooth behaviour prasly seen in the desert case (Fi§) for
which the bias could be explained through biases in the iborion from the surface temperature used.

Also shown in Fig22 are results from simulations of the Lambertian effect (kfisngles), obtained us-
ing a similar simulation framework as for the skin-temperateffect in the desert case (and again limited
to clear-sky radiative transfer, see also Hif). The simulations use atmospheric profiles and retrieved
surface emissivities from the ECMWF system, extracted P& ATMS locations over a 48 h period in
February 2015, to simulate “true” observations under tlsei@ption of Lambertian behaviour. To sim-
ulate Lambertian surface scattering, the approximati@ilase in RTTOV is used. This calculates the
down-welling radiation simply by using an effective zerdtigle of 55 for all channels, based on an ap-
proximation introduced by Matzler (1987) that assumesgzbotal homogeneity. Note, however, that this
approximation is appropriate for zenith opacities of amQriL5-0.3 (surface-to-space transmittances of
around 0.7-0.9, as encountered, for instance, for chanoleABMS/AMSU-A). A lower effective zenith
angle would be more appropriate for channels with largeitizepacities, but this effect is neglected,
hence we may over-estimate Lambertian effects for sounclimgnels at nadir. The simulated obser-
vations are then used to derive surface emissivities froamioél 3, assuming specular reflection, and
the resulting emissivity is used in subsequent radiatiagsier simulations for the sounding channels,
again assuming specular reflection. Radiative transfardén these calculations are always determined
using the “true” atmospheric profiles. The difference betwthe simulated “true” observations and the
specular simulations with the retrieved emissivities sva as blue triangles in Fi@2.

The simulated differences show a behaviour qualitatively similar to the biases seen in the observa-
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Figure 22: Lambertian and skin-temperature bias effectsbiservation departure statistics: Stars and dots show
mean FG-departures after bias correction in channels 4 tbATaMS on S-NPP for a region in Eastern Russia (a, c)
and Dome C (b, d), similar to Fid.9, but for January to March 2015. Also shown are results fromuations of the
biases arising from neglecting Lambertian effects in théssivity retrieval and subsequent forward calculations
(blue triangles, panels a and b). Simulation statisticsvehdn panels ¢ and d additionally include simulation of
the effect of a 5 and 8 K bias in the skin temperature used ierhissivity retrieval and the subsequent radiative
transfer calculations (blue triangles). Note that chandednd 5 of ATMS are presently not assimilated in the

ECMWEF system. Note that for Dome C the day/night distind8dass meaningful for large parts of the period.
See main text for further details.

tions: for each channel, the differences are relativelylistoathe smallest surface-to-space transmit-
tances, for which zenith angles are close t6 &Bd the Lambertian effect is small, and then increase
significantly with surface-to-space transmittance, iediogservations with zenith angles approachifig 0
for which the Lambertian effect is largest. Guedj et al (904:i0d Matzler and Rosenkranz (2007) have
similarly found the Lambertian assumption to be a good appration around Dome C for AMSU-A
observations, albeit for winter cases. There is, howevenraining offset between observed biases and
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Figure 23: As Fig.22a, b, but for the 183 GHz ATMS channels 18 to 21. To obtain ttleparture statistics, the
emissivity retrieval is performed using channel 17, egleinato the approach taken for MHS. Note that none of
these channels from ATMS are presently assimilated ovev.sno

the simulations in Fig22a, b. Some of this is likely due to using a fixed effective zemihgle in the
approximation used to simulate Lambertian effects. Attle@schannels 4-6, the offset can be explained
by a positive bias in the skin temperature in addition to thenbertian effects (Fig22c and d).

Departures for the surface-sensitive humidity-soundingnoels of ATMS similarly show characteris-
tics that could be explained by neglecting diffuse surfaféection effects (e.g., Fi®3). The effect
appears to be even stronger, but there is also significardhg statter in the statistics. The example for
Eastern Russia shows good agreement between the obsesged bind the simulations with the simple
Lambertian parameterisation even in the absence of askipdrature bias (Fi@3a), though additional
simulations suggest that skin-temperature biases of a égneds cannot be ruled out. In contrast, while
observed biases for the Dome C example also exhibit pattpical for a diffuse surface behaviour, the
biases appear to be much stronger than what could be exgphlayrtbe simple Lambertian approximation
alone. Additional effects appear to play a role, but the raa@m is not fully clear. The biases could be
explained by a severe under-estimation of the skin temyerain contrast to the finding in Fig2d, or
may be the result of other biases in the observations or thirehfields. Note, however, that this example
shows extreme surface-sensitivity for the displayed chkin this region, resulting from a combination
of high orography and an extremely dry atmosphere, makiggatmaction of information on the atmo-
sphere particularly challenging. The presented resudtbased on the clear-sky use of ATMS, but cloud
effects do not play a significant role over both areas duitiig) ieriod, so results will be applicable to
the all-sky treatment of, say, MHS as well.

Figure24 shows where the behaviour seen in the departures ir2Rig. particularly prominent for the
January to March 2015 period. The Figure shows the differéetween the bias corrected departures of
ATMS channel 5 at low zenith angles and those of channel 4ghit hénith angles. That is, it measures
the size of the discontinuity that is apparent when moviognfone channel to the next in the graphs of
the observed mean departures as a function of the surfesat® transmittance. The map shows that
the effect is primarily confined to snow-covered surfaces,$also present over sea-ice regions. While
not discussed in greater detail here, some sea-ice regidasd exhibit behaviour that is very similar to
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Figure 24: Difference in the observed mean departure (dftes correction) in S-NPP ATMS channel 5 for zenith
angles below 10and the observed mean departure in channel 4 at zenith aggéeser than 50, averaged over
the period January-March 2015. Statistics are for data befpuality control, taken from thBase+seaice+land
experiment.

that of snow-covered land surfaces, with some signs of Latabpebehaviour. This is very likely linked
to the departure biases over sea-ice as well as the chantpesnt@an temperature and humidity analyses
noted earlier in the context of the OSE with the observatmres sea-ice.

The above analysis suggests benefits from using a Lambexpiroximation over snow-covered sur-
faces, and this could be investigated further in the IFSid&tdrambertian approximations could also be
considered, as suggested by, for instance, Rosenkranz ataek(2008) or Guedj et al (2010). How-
ever, it is also apparent that some biases may originate fiiages in the surface temperature used, and
estimating the appropriate degree of Lambertianity asasurface temperature biases may be difficult.
As motivated in Fig22 and Fig.23, using observations from different channels and differgéexving
geometries may offer some scope to adequately separateatgscts. The relatively simple Lambertian
concept considered here should give benefits for some ofrénedy assimilated sounding channels over
snow and sea-ice, but may also enable the assimilation dbwer humidity sounding channels (e.g.,
18 and 19 of ATMS or 5 of MHS) that are presently not used ovewsocovered (or sea-ice) surfaces,
at least in some regions. However, the Dome C example sitiedtthere may also be other aspects
to consider. Note, in this context, that Baordo and Geergp@lso found unexplained bias pattern over
sea-ice for 183 GHz channels from the conically-scanninliSSin terms of departure statistics and in
terms of a systematic difference in the retrieved emisssvdit 150 GHz and 183 GHz. These features will
not be addressed by the simple implementation of Matz(&887) approximation of the Lambertian ef-
fect used in RTTOV, as it uses a fixed effective zenith anglesbto estimate the reflected downwelling
radiation, very close to SSMIS's zenith angle of 5Blowever, this simple implementation neglects the
dependence of this effective angle on the channel optigahdand further work is needed to investigate
the effect of this approximation. Further improvements meguire explicit modelling of snow emission
and reflection using a snow radiative transfer model (sge, Royer et al. 2017) with information from
the snow model able to describe multi-layer snow situations

5.3 Cloud signalsin clear-sky assimilation

Cloud signals pose an additional general issue for the dmnamissivity retrieval underlying the as-
similation of surface-sensitive microwave data: clouchalg can alias into the retrieved emissivity (e.g.,
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Tiang et al. 2014). In the clear-sky system at ECMWF, weeegrisurface emissivities from channel 3
observations using an equation that is based on clear-digtikee transfer. If the channel 3 observations
are affected by clouds this will mean that the retrieved sivity will be in error, as the cloud signal
is mis-interpreted as an emissivity signal. In the all-slanfework, in which the emissivity retrieval is
performed based on an all-sky radiative transfer, similasig can occur in places where observed and
model clouds do no match, as analysed in some detail by Baod&eer (2016).

In the following, we will highlight the effect of clouds oneremissivity estimation in the clear-sky as-
similation of AMSU-A observations in more detail using a glation framework, similar to the one

used in the previous sub-sections. To do so, we use simusatibcloudy and clear AMSU-A observa-

tions, obtained over a 48 h period between 30 June 2015 212 dutlyy 21 Z. These were calculated
with RTTOV-SCATT from atmospheric profiles and skin-tengiare information generated with the

ECMWEF assimilation system over the period in question, asrieed previously. We can now use the
simulated cloudy channel 3 observations to retrieve thiasaremissivity, applying the usual methods
assuming clear-sky radiative transfer (Karbou et al. 2088)l then compare the result back to the “true”
surface emissivities used to obtain the simulated cloudgnations.

The difference between the retrieved and the “true” surtméssivity values is shown in Fi@5 for

a 12-hour period. As can be seen, while the difference isldoratnany regions, there are also some
places for which very sizeable differences are found, eeaching 0.05 in places. The latter are the
regions for which the channel 3 observations are signifigaftected by clouds or precipitation. The
emissivity differences illustrate the error that resuttenf using observations that are cloud-affected in
the emissivity retrieval scheme that assumes clear-skgittons. The effect is sufficient to explain some
short-term variations in emissivity previously noted ie ttontext of Fig14.

If observations that are significantly cloud-affected werbe identified and rejected the error illustrated
in Fig. 25 would of course not matter. However, as we will see in theofwilhg, the error does affect

Figure 25: Effect of cloud contamination on the emissivégrieval: Difference between retrieved and “true”

emissivities from simulations in which the retrieved eivises are calculated from simulated cloud-affected ob-
servations in AMSU-A channel 3 based on a clear-sky radiatignsfer equation. Simulations are based on
atmospheric conditions covering the period 2 July 2015 2-Bee main text for further details on the simulations.
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Figure 26: a) Scatter plot of the “true” cloud effect in AMSM-channel 4 [K] versus the apparent cloud effect
[K]. The cloud effect is the difference between cloudy aediekky simulations. For the calculations of the “true”
cloud effect, the same emissivities are used in both sifongtwhereas for the apparent cloud effect emissivities
for the clear-sky simulations have been retrieved from kited cloud-affected observations in AMSU-A channel
3 based on a clear-sky radiative transfer equation. Colading also indicates the true cloud effect for channel 5
simulations. Simulations are based on atmospheric camditcovering the period 30 June 2015217 to 2 July 21Z.
See main text for further details on the simulations. b) Adaj) showing only samples for which the difference in
the simulated cloudy brightness temperatures in channeldl1® is less than 3 K, adapted from the observation-
based cloud screening applied in assimilation.

one of the methods used to screen for clouds, leading toaigars that are significantly cloud affected
to be assimilated. The main criterion to identify cloudeated observations is a check on the absolute
value of the background departure in channel 4: a signifiddfierence between the observations and the
clear-sky equivalents in this window channel is taken agative of clouds or precipitation. A threshold
of 0.7 K is used for this purpose. To obtain the channel 4 departhe retrieved emissivity with the
erroneous cloud signal is used. The cloud signal that has &leesed into the emissivity retrieval will
hence affect the clear-sky simulations for channel 4, lggath an error that is similar to a cloud signal.
Note that additional cloud screening is performed basedetecthg a scattering signal in the difference
between 23 GHz and 89 GHz observations, and this check ifegied.

We have simulated the effect on the channel 4 departure tisinigamework introduced earlier, and the
results are summarised in Fig6a. The “apparent cloud effect in channel 4” is the differehetveen
the “true” cloudy observation and the clear-sky simulatioat uses the erroneous retrieved surface emis-
sivity, and in the absence of other errors the latter woutthfthe basis of cloud detection in the present
clear-sky system. It is clear that the apparent cloud effeconsiderably suppressed compared to the
“true cloud effect” ie the difference between the true cipadd true clear-sky simulations. The largest
cloud effects in channel 4 arise from scattering, leadirgiteduction in the simulated cloudy brightness
temperatures of up to several tens of K (cropped in E&o focus on more subtle cloud signals). If we
take 0.7 K as a crude measure of indicating a significant obfiedt a number of observations for which
the true cloud effect would be considered “significant” (eogitside the red lines in Fig@6a ) would not

be flagged as cloudy if we instead base our decision on theeqpaoud effect. In reality, the channel

4 departure check is of course also affected by instrumeiserand background errors. Nevertheless,
the number of observations passing the channel 4 depatteak és sometimes used as an indicator of
a superior emissivity specification (e.g., Karbou et al.6)p@nd it is clear from this analysis that this
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interpretation can be very misleading in the case of the miycelly retrieved emissivities.

While the channel 4 departure check is the most active in ssimalation experiments, an additional

cloud check is performed that uses the difference of therebdéorightness temperatures in channel 1
and 15 and is hence independent of the retrieved emissivikgy. 26b shows the same simulations as
discussed above, but displaying only the sample that isateeaed out by this additional check. While

the additional check removes the observations with theetrgue cloud effect, the smaller apparent
cloud effect in channel 4 due to the retrieved emissivitidbssiill lead to unreliable rejections.

Also shown in Fig26is the cloud contamination in channel 5, ie the lowest adated sounding chan-
nel. Many channel 5 observations that show an apparent @éfedt in channel 4 betweet0.7 K
suffer from very significant cloud contamination, inclugiafter the scatter index check has been ap-
plied (Fig.26b). At the same time, also observations for which the truecleffect in channel 4 is
betweerd-0.7 K suffer from very significant cloud contamination in ohal 5. Either way, this is likely

to affect the extraction of temperature information durthg assimilation of this channel. The prop-
agation of the effect of residual cloud contamination irite atmospheric analysis could be simulated
further, but this is considered beyond the scope of the ptestedy.

The present analysis highlights that cloud detection anddctontamination are problematic in some
situations in the present assimilation approach. It mayemeficial to tighten the presently used check on
the scatter index or to develop further alternative clougcteon methods that do not rely on background
departures to increase the robustness of the cloud detdotithe clear-sky assimilation. Alternatively,
all-sky assimilation for these channels would avoid thedrfee cloud detection.

6 Conclusions and outlook

This memorandum assessed the current use of surfacehsensitrowave radiances over land and sea-
ice in the ECMWF assimilation system. The main findings are:

e Surface-sensitive microwave radiances over land andcgehave a significant positive forecast
impact in the ECMWF system (2-3 % reduction in forecast dioothe 500 hPa geopotential over
the extra-tropics). When added incrementally to an otteaill observing system, observations
over sea-ice, humidity-sounding radiances over land, antpérature-sounding radiances over
land all contribute significantly to this positive forecasipact. The impact of the observations
over land is strongest over the Northern Hemisphere, whkdleadata over sea-ice during winter
give the largest contributions over the Southern Hemisphdiittle impact is observed in the
tropical region.

e The size of the forecast impact shows some seasonal demendelated to, for instance, the pres-
ence of sea-ice as expected. For the Northern Hemispherémthact of the data over land is
smaller during winter, most likely related to a more resédcand less optimal use of the observa-
tions over snow.

e Adjoint diagnostics support the hypothesis that the largepact from the land/sea-ice data orig-
inates from remote areas not well-covered by conventiobséivations.

e An analysis of data usage and departure statistics sugpestthe current method of retrieving
surface emissivity from window channels has deficienciegquaarly in the following areas:
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Deserts: most likely due to biases in the temperature used to speaifiace radiation, likely
arising from a combination of penetration effects and dilmodel biases.

Snow: most likely primarily due to assuming specular reflectiortia emissivity retrieval and
the subsequent radiative transfer calculations, possigbined with some biases in skin
temperature.

Clouds:. cloud signals are erroneously aliased into the retrievethse emissivities. This also
affects the presently used cloud detection in the cleaisgkiem.

e The quality control currently applied is mostly succes#fyprotecting the analysis from the defi-
ciencies identified over desert and snow surfaces.

The present study provides a clear confirmation of the besfefgsimilating surface-sensitive microwave
sounding data over land and sea-ice. A number of increm@nfaovements have contributed to this
impact, including a gradual increase in the number of olagiems assimilated, both in terms of the num-
ber of channels assimilated, but also the number of instnisnas well as refinements in the emissivity
estimation and assimilation choices. While the impact cheaf these enhancements has mostly been
small, it is clear that the combination of these developse@oiv underpins a clear benefit of this data.
This is true for the overall impact, but also in terms of thdiwidual impact from data over sea-ice,
humidity sounding, and temperature sounding data, reispct The study has also highlighted some
inconsistencies in the use of surface-sensitive microveata, with equivalent channels being used in
some areas for one instrument, but not another, and outsagué further incentive to harmonise these
aspects and further expand the use of this data. Such hazationi has been performed in cycle 43r3,
together with the activation of 118 GHz channels from MWHB8v2r land (Weston et al. 2017).

This memorandum has also highlighted areas with scope foromements in specific geographical ar-
eas, namely desert and snow areas, where the current usméstprsignificant biases. Current quality
control procedures appear to be adequate in protectingntdgsis from these biases, but it is neverthe-
less desirable to improve the data usage in these regioraldress these issues will require adjustments
to the dynamic emissivity method, either involving the dation of additional surface properties (e.g.,
penetration depth or effective surface temperature in éserd case, or Lambertian parameter and effec-
tive surface temperature in the snow case, following caisgeposed by Gued;j et al. 2010, Galantowicz
et al. 2011) or different modelling or assimilation appitoes.

While the dynamic emissivity method provides a frameworladequately treat surface emissivity for
most other surfaces, it is also clear that there are alsd-sborings of the method in general. Two
of these have been illustrated in this work, that is, thesal@ of cloud information into the emissivity
retrieval in the clear-sky framework, and the influence obexrin the model skin temperature used in
the emissivity retrieval. Other sources of error, not cedehnere, are errors in the atmospheric model
background fields used for the emissivity retrieval whictrid¢a et al. (2006) estimates to be typically
less than 1 %. The general uncertainties have been higbfidgiefore in similar context by other authors
(e.g., Tian et al. 2014, Baordo and Geer 2016). It is cledrtbh®simple separate retrieval of emissivity
from a single window channel prior to the assimilation istjgatarly prone to aliasing of uncertainties
into the emissivity retrieval.

The above considerations suggest that further progresgiagsimilation of surface-sensitive channels
over land and sea-ice in the ECMWF system will require carsible revision of the methods used to
specify surface emissivity and skin temperature. Diffeagproaches with different levels of sophisti-

cation could be considered:

Accounting for the penetration depth in desert regions. The diurnal biases in desert regions could be
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improved by taking the penetration depth into account ambugata from the soil model. While
this appears attractive, as it would make better use of thegehinformation available, it is also
likely that it will not solve all bias problems, as discussedection5.1

Simultaneousretrieval of skin temperature and emissivity: Presently, emissivity and skin tempera-
ture are retrieved sequentially, the emissivity prior ® éissimilation, the skin temperature during
4DVAR, aggravating the aliasing of errors. Instead, bothidde retrieved simultaneously, either
prior to the assimilation or within 4DVAR. This would reqeithe use of several window channels
with different surface-sensitivity to allow the separatiof the skin temperature and emissivity
signal. The approach should give some benefit, for instantbe desert case. However, as some
of the issues highlighted in this memorandum are due to biashe model skin temperature used
rather than random errors, the chosen approach should bbleayf dealing with these model skin
temperature biases (regardless of the penetration depibsi®ver deserts). A retrieval prior to the
assimilation may be more advantageous for this.

Retrieval of free parameters of an emissivity parameterisation: Presently, the emissivity retrieval is
done separately for each field of view, with no prior inforioat no constraint between different
frequencies, and no link between different sensors. Thidgdcoe evolved into an approach that
includes a background emissivity, and allows a slow evoitutif the surface emissivity from cycle
to cycle, for instance by updating a suitable parametévisatf the surface emissivity. Concepts
in this direction have been proposed and investigated éebased on an external Kalman Filter
framework (Krzeminski et al. 2009, Bormann 2014). This ddog developed further, and updat-
ing of the variables of the emissivity parameterisatiormbiming several sensors, could even be
included as an exuilliary control variable in 4DVAR. Otheseful variables could be included as
well, for instance a Lambertianity parameter, or paransatelating to sea-ice.

Towards coupled physical approaches: Initially, the emissivity and further surface parameteosid
be kept independent of the surface models of the IFS and wipnppagated from one assimilation
cycle to the next using persistence. Longer-term, link& wie surface models could be explored,
opening possibilities to influence the surface analysi®upted assimilation approaches. Physical
modelling of the surface-related radiative transfer atspeculd be considered in some areas. This
may be particularly advantageous in regions with consldersemporal changes, such as snow-
covered areas, and snow radiative transfer models coulddbeded (e.g., Royer et al. 2017).
Ultimately, these approaches could lead to benefits in tefhetter constraining aspects of the
land surface analysis, by directly using passive microwatances. This is likely to remain
a long-term aim for some time and will rely on developmentgdnpled data assimilation, but
possibilities in this direction could at least be explored.

The above options provide a longer-term framework for fitdevelopments, and further work is re-
quired to identify the most practical and promising apphoand what level of sophistication is needed.
However, it is clear that there is potential for obtainingligidnal information from the observations, not
least on surface conditions, and this is likely to be a prorgitonger-term perspective.
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