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Abstract

This report describes the preliminary results from an observing system experiment
(OSE) using Advanced TIROS (Television Infra-Red Observation Satellite) Opera-
tional Vertical Sounder (ATOVS) brightness temperatures from the polar orbiting
satellite NOAA16 (National Oceanic and Atmospheric Administration) in near real-
time in a period from late June to the end of September 2001. All AMSU-A (Ad-
vanced Microwave Sounding Unit-A) level 1c data (channels 1 to 10, only) available
from locally received data from the DMI Smidsbjerg antenna as well as from the
DMI Sdr. Strgmfjord/Kangerlussuaq (Greenland) antenna have been used.

A new observation error covariance matrix has been calculated using data from
a two month period with passive inclusion of NOAA16 data received via the DMI
Smidsbjerg antenna. Subsequently a second observation error covariance matrix
was calculated using data from a later one month period including data from the
DMI Sdr. Strgmfjord antenna.

Based on observation (obs-) and field verification the impact is basically neutral
in this period. There is a marginal positive impact on some parameters based on
obs-verification.

1. Introduction

(A)TOVS data have been assimilated at ECMWF (European Centre for Medium-Range
Weather Forecasts), NCEP (National Centre for Environmental Prediction), Météo
France, UKMO (United Kingdom Meteorological Office) for a number of years and
are considered to be the most important non-conventional data of the observing system
(see, e.g., Bouttier and Kelly, 2001). The (A)TOVS-related research and development
activities within the HIRLAM (HIgh Resolution Limited Area Model) project also have
a long history, dating back to Gustafsson and Svensson, 1988. However, no HIRLAM
operational system contains ATOVS data assimilation.

Recently, an intense effort has been made to include the ATOVS in the HIRLAM
variational data assimilation system (HIRVDA). Data assimilation experiments have
been made at SMHI (Swedish Meteorological and Hydrological Institute) and DNMI
(Det norske meteorologiske institutt). The results have so far been mixed, but recently a
new impact study at DNMI (Tveter and Vignes, 2001) has shown a positive impact. This
result is, however, based on a very short period and very limited data coverage and data



from the NOAA15 polar orbiting satellite. The present impact study is based on data
from the newer NOAA16 satellite that are free of the problem with the Advanced Very
High Resolution Radiometer (AVHRR) radiometer instrument as do NOAA15. Besides
being an OSE (Observation System Experiment) it is a step in the pre-operational
testing of ATOVS at DMI by:

1) making necessary statistics such as the first bias correction file and observation error
covariance matrix and

2) testing the stability of the DMI-HIRLAM 3D-Var (three dimensional variational)
analysis system including these data.

Section 2 describes briefly the ATOVS AMSU-A instrument and the usage of ATOVS
AMSU-A brightness temperatures in the HIRLAM 3D-Var system as well as some results
from passive inclusion of the data prior to and during the real experiment. Section 3
describes the DMI-HIRLAM 3D-Var analysis system and forecasting system as well as
some changes made during the runs. Section 4 gives some results, and finally a summary
of the conclusions drawn from the experiments is given in section 5.

2. The ATOVS instruments and ATOVS AMSU-A usage in
HIRLAM 3D-Var

The two most recent polar orbiting satellites in the National Oceanic and Atmospheric
Administration (NOAA) series, NOAA15 and NOAA16, are carrying a new generation of
instruments on board called ATOVS. The ATOVS instruments are: AMSU-A1/AMSU-
A2 (Advanced Microwave Sounding Unit-A), AMSU-B (Advanced Microwave Sounding
Unit-B), HIRS/3 (High Resolution Infrared Radiation Sounder/3), and AVHRR/3 (Ad-
vanced Very High Resolution Radiometer/3). The instruments provide passive measure-
ments of the radiation emitted from the earth’s surface and throughout the atmosphere.
The radiances contain temperature as well as humidity information. The AMSU-A in-
struments used so far in HIRLAM 3D-Var have 15 channels in total of which 4 (channels
1, 2, 3 and 15) measure in “window” spectral regions and the remaining 11 channels are
“temperature sounding” channels. The temperature sounding channels can be used to
derive atmospheric temperature profiles from the surface to an altitude of about 40 km.
However, areas with precipitation can cause erroneous estimates of the temperature in
the lower troposphere and measurements in such areas should not be used without extra
precautions, if used at all. The window channels receive energy primarily from the sur-
face and the boundary layer, and can be used, for example, to derive total precipitable
water and cloud liquid water. See http://www2.ncdc.noaa.gov/docs/klm/ for fur-
ther details on the NOAA15 and NOAA16 instruments, and http://www.ecmwf.int/
services/dcover/index_rad.html for ECMWF usage of HIRS and AMSU radiance
data and monitoring of the data.

The data used in the present impact study are data received locally from the Smids-
bjerg and Sdr. Strgmfjord (Kangerlussuaq) antennas and further processed with the
AAPP (ATOVS and AVHRR Processing Package) package (see http://www.eumetsat.



Table 1: Observation error covariance matrix (for channels 1 to 10) used in part of the
current (from 2001071900 to 2001082118) ATOVS HIRLAM 3D-Var impact experiment.
The unit is kelvin squared. The matrix is based on data for March and April 2001, with
a global scaling factor of v = 0.30. Note that the matrix is symmetric.

5.139 4.536 2.793 0.636 0.088 0.030 0.019 0.027 0.022 0.014

4536 | 6.671 4.457 0.817 0.140 | —0.129 | —0.052 | —0.020 | —0.181 | —0.365

2.793 4.457 | 8.804 1.349 0.317 | —=0.601 | —0.203 | —0.209 | —0.714 | —1.652

0.636 0.817 1.349 | 0.392 0.094 | —0.065 | —0.057 | —0.029 | —0.064 | —0.158

0.088 0.140 0.317 0.094 | 0.042 | —0.017 | —0.014 | —0.007 | —0.025 | —0.054

0.030 | —0.129 | —0.601 | —0.065 | —0.017 | 0.099 0.042 0.038 0.107 0.209

0.019 | —0.052 | —0.203 | —0.057 | —0.014 0.042 | 0.053 0.030 0.035 0.046

0.027 | —=0.020 | —0.209 | —0.029 | —0.007 0.038 0.030 | 0.039 0.047 0.077

0.022 | —=0.181 | —0.714 | —0.064 | —0.025 0.107 0.035 0.047 | 0.162 0.300

0.014 | —=0.365 | —1.652 | —0.158 | —0.054 0.209 0.046 0.077 0.300 | 0.668

Table 2: Observation error covariance matrix (equivalent to Table 1) based on a month
of data from July 20 to August 21, 2001, with a global scaling factor of v = 0.30.

6.624 5.383 4.290 0.860 0.091 | —0.050 0.034 | 0.034 | —0.035 | —0.087

5.383 | 8.242 6.264 1.051 0.177 | —0.143 0.033 | 0.051 | —0.122 | —0.236

4.290 6.264 | 11.675 1.872 0.505 | —0.479 0.074 | 0.077 | —0.204 | —0.682

0.860 1.051 1.872 | 0.529 0.129 | —=0.079 | —0.026 | 0.001 | —0.027 | —0.089

0.091 0.177 0.505 0.129 | 0.057 | —0.026 | —0.006 | 0.003 | —0.014 | —0.036

—0.050 | —=0.143 | —0.479 | —0.079 | —0.026 | 0.060 0.017 | 0.009 0.035 0.064

0.034 0.033 0.074 | —0.026 | —0.006 0.017 | 0.049 | 0.025 0.013 | —0.002

0.034 0.051 0.077 0.001 0.003 0.009 0.025 | 0.033 0.011 0.002

—0.035 | —0.122 | —0.204 | —0.027 | —0.014 0.035 0.013 | 0.011 | 0.047 0.055

—0.087 | —=0.236 | —0.682 | —0.089 | —0.036 0.064 | —0.002 | 0.002 0.055 | 0.125

de/en/index.html): The raw (level 0) data received are processed in 3 steps to level
lc (geo-referenced and calibrated temperatures and albedo) data. The resulting level 1c
data containing brightness temperatures for the 15 AMSU-A channels are then further
processed separately from AAPP to the standard BUFR-format (WMO, 1995). The
data from Sdr. Strgmfjord have been available since late May 2001. By receiving the
data this way they can easily be made available for assimilation within one hour of the
observation time.

Before being used in the data assimilation, the AMSU-A data from NOAA16 have
been included passively in 3D-Var for more than 2 months to accumulate the necessary
statistics needed for assimilation. Here passive mode means that the ATOVS data are
processed and the innovations (observation—background, see later) computed but not
used in further analysis steps. The data used for this step were data received locally
from the Smidsbjerg antenna only since data from Sdr. Stromfjord have been available



only since late May 2001. Bias- and rms-statistics from the passive inclusion runs for
the AMSU-A data available on a daily basis for the 15 channels are shown in Figure 1.
The statistics involve a somewhat varying number of data day by day since not all
NOAAL16 passages have been received, other satellites having higher priorities. The
results indicate that the “surface”-channels 1-3 have rather high rms-values and are of
little value in assimilation, and also that channels 11 to 15 have high bias- and rms-
values when compared with derived results from the first guess fields and should not
be considered for assimilation. The main reason for not using channels 11 to 15 is that
the response functions/weight functions (shown in Figure 2) for these channels have
significant amplitudes over the vertical limit of the DMI-HIRLAM models, 10 hPa. If
they are to be used at a later time either the vertical limit of the DMI-HIRLAM model
should be extended upwards or ECMWF forecasts should be used for data above 10 hPa
instead of the climate values used presently above 10 hPa. Channel 10 also has a tail
part above 10hPa. However, the use of the different channels is determined by the
ATOVS observation error covariance matrix. For the first 3 weeks (up to 2001071900)
in the present data impact study an error covariance matrix from SMHI with only
diagonal elements was used and a value of 900 was used for channels 1-4 and 11-15. A
new observation error covariance matrix was designed using a global scaling factor of
v = 0.30 as described in Tveter and Vignes, 2001:

R=7(y-H x) (y-H-x,)"). (1)

In (1) (...) denotes the average value, y is an ATOVS observation vector, H is the
forward model, and x, is the analysis that resulted from using all standard types of
observations except ATOVS. However, for the present calculations the first guess (or
background) fields have been used instead of the analysis fields. The first guess fields are
3 h forecasts from the precedent data assimilation cycle. A new series using analysis fields
for this purpose was started September 1. For the first 10 days only small differences
are observed for a matrix calculated from the differences between analyses and a matrix
calculated from the differences with first guesses. The two month period March and
April was used and the result for channels 1-10 is given in Table 1. The corresponding
result for a one month period in July and August is shown in Table 2. The one month
period has been calculated from a passive inclusion of all available data from both local
antennas in the parallel run. Note that the matrices are symmetric. The forward model
H is an important part in the 3D-Var analysis system. Given a model state it calculates
the model equivalent of the observed quantity at the position of the observation. The
radiative forward model presently used for calculating brightness temperatures is based
on RTTOV-5 (Radiative Transfer model for TOVS, release 5), available from from the
Numerical Weather Prediction SAF (Satellite Application Facility) (see http://www.
metoffice.com/sec5/NWP/NWPSAF/index.html and Saunders et al., 1999). RTTOV-6
has been released but it has been considered more important, e.g., to include a first
guess check of the brightness temperatures than to update the radiation transfer model
in the HIRLAM 3D-Var analysis system.

As an example of the data coverage, the data available on September 8, 2001 is
shown in Figure 3. The coverage of the Atlantic north of 40° is very good. At present,



however, only brightness temperatures over sea are used—data over land and over ice
are not used.

3. HIRLAM 3D-Var data assimilation system

The operational data assimilation system for DMI-HIRLAM-G has since the end of
September 2000 been a 3D-Var analysis scheme (version 4.2) (Gustafsson et al., 1999;
Gustafsson et al., 2001; Lindskog et al., 2001) and a forecast model (version 4.5 with
some updates). The DMI system is documented in Sass et al. (2000) and Mogensen et
al. (2000).

The version used here is the HIRLAM 3D-Var 4.4.1 OpenMP version for NEC. The
main difference relative to the operational HIRLAM 3D-Var version is that PILOT data
originating from a station with radiosonde data are screened if a TEMP is available at
the same time.

The observation window covers a 3h span around the analysis time (00, 03, 06,
09, 12, 15, 18 and 21 UTC) except for a 6h span around the analysis times 06 UTC
and 18 UTC before the long forecasts starting from these. For AMDAR/ACARS (Air-
craft Meteorological Data Reporting/Aircraft Communication Addressing and Report-
ing System) aircraft observation data a j:% h observation time window is used to reduce
along track analysis increments leading to spurious effects in the following forecast. A
standard observation set is used, including synoptic observations, ship observations,
(drifting and moored) buoys, pilot balloons, radiosonde data and aircraft data. The run
with these observation types is denoted NOA (NO ATOVS) and the run denoted WIA
(WIth ATOVS) also uses NOAA16 AMSU-A brightness temperature data as described
in the previous section. The first guess field is a 3 h forecast from the precedent data
assimilation cycle except for a 6 h forecast for the analyses at 06 UTC and 18 UTC before
the long forecasts starting from these.

The basic model applied in the present parallel experiment is DMI-HIRLAM-G (see
Sass et al., (2000) for details), based on HIRLAM reference version 4.5/4.6. The hori-
zontal resolution is 0.45°, the number of vertical levels 31, the number of grid points is
190 x 202, the time step is 240s and the lateral boundary values are updated every 6
hours from ECMWF forecasts.

Twice a day (at 00 UTC and 12UTC reassimilation cycles) the DMI-HIRLAM-G
model is restarted from fresh ECMWEF analyses using an analysis increment method.
The available analysis for the model is interpolated to the grid used for ECMWF data.
The difference between interpolation and the new ECMWF analysis is an increment
(“large scale increment”) which is interpolated to the HIRLAM grid and added to get
an updated HIRLAM analysis. Normal HIRLAM cycles then follow (03 UTC, 06 UTC,
09 UTC) in the morning to produce an “up-to-date” status of the atmosphere. In the
evening the subsequent analyses are valid at 15 UTC, 18 UTC and 21 UTC, respectively.
Using this method ATOVS data are implicitly used even if they are not assimilated into
the HIRLAM model since ECMWF uses these data in their analysis system.

In order to compare the performance of different data assimilation experiments the
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Figure 1: Daily bias- (lower, red) and rms-values (upper, green) for the 15 AMSU-A
channels in the period January 26 to April 30, 2001.
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data. The data available for different assimilation cycles have different colors. The color
is indicated at the bottom of the plot with the analysis time.
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forecasts are verified against observations from European radiosonde and synoptic sta-
tions to give an objective evaluation of the experiments. Since the stations involved in
this obs-verification cover a limited part of the model domain, the forecasts are also com-
pared with initialized analyses from their own data assimilation suite (field-verification).
The DMI observation- and field-verification packages are used.

The following “changes” have been made since the middle of July:

e Regularly update (every 7th to 14th day) of the bias correction file.

e Change of the observation error covariance matrix file (“dbt”-file), on July 19,
based on data received from Smidsbjerg in March and April. Differences between
first guess fields and observations were used.

e Change of the observation error covariance matrix file (“dbt”-file), on August 22,
based on data received from Smidsbjerg and Sdr. Stregmfjord in the period from
July 20 to August 21. Differences between first guess fields and observations were
used.

e Restart from the operational DMI-HIRLAM-G 00 UTC 3 and 6 hour forecasts on
July 20.

e A convergence factor (epsg-qn) was changed from 0.05 to 0.01 if any AMSU-A
data were available for the analysis except for the 00 UTC and 12 UTC runs.

e Since September 17 a new forecast model version with an update to the STRACO
scheme and a change in the handling of ECMWF ice- and sst-fields has been used.

4. Results

For the first assimilation cycle the first guess (FG) fields were identical and a direct
comparison of the statistics from the analyses can be made. Figure 4 shows the position
of active NOAA16 data after data thinning from this data assimilation cycle and it
is seen that they were in the Mediterranean Sea, the Black Sea, the Baltic Sea and
the Barents Sea. The impact of these data on the analysis is illustrated in Figure 5
showing difference plots of the analyses for 850 hPa temperature and mean sea level
pressure (mslp). As expected, the impact is largest close to the areas with AMSU-A
data. Statistics for the FG and analysis for different observation types are illustrated
in Table 3 and Figures 6 and 7. The results seems quite reasonable even though the
SHIP and DRIBU statistics (Table 3) are somewhat better for NOA. It is also evident
from Figure 7 that the channel 6 brightness temperature has the largest impact of the
AMSU-A channels on the analysis.

After a period it was discovered that, except for the main synoptic hours 00 UTC
and 12UTC, the convergence criteria for stopping the iterations in the analysis were
inadequate even when a limited number of AMSU-A data were included in the analysis.
For the default convergence criteria the analysis often stopped after a few cycles and
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Figure 4: Positions (with blue dots) of active (after data thinning) NOAA16 data used
in the analysis valid on 2001062500.

Table 3: Statistics for single level data. FG denotes the first guess statistics and “NOA”
is the analysis statistics after the analysis without ATOVS. “WIA” denotes the analysis
statistics with use of ATOVS

FG NOA WIA
type # obs. bias rms bias rms bias rms
SYNOP geop. (m?s2) 1877 2.9 69.5| —09 41.7| —0.3 41.6
SHIP geop. (m?s 2) 258 1.7 934 4.8 55.2 2.7 76.6
DRIBU geop. (m?s~2) 58 | —28.4 T77.8 | —14.0 43.8 | —14.7 58.6

convergence was almost only for the brightness temperatures. This is illustrated for
radiosonde data in Figure 8 for the analysis valid on 2001071206. Accordingly, one of
the convergence criteria (the namelist variable epsg_qn) was changed and an example
using the new value and a large number of active AMSU-A brightness temperatures is
given in Figure 9 for the analysis valid on 2001080315. It is clear that a substantial part
of the convergence is also for AIREP temperatures and wind, the rms-values are even
lower for the WIA analysis including the brightness temperatures than for the NOA
analysis.

Figure 10 shows values of the total cost functions (see Gustafsson et al., 2001, or
Mogensen et al., 2000, for details on the cost function) from the 3D-Var analyses at
03UTC and 15UTC for the FG fields and the final analyses. Also the values for the
total cost functions minus the AMSU-A part are given for WIA. It is evident that the
FG values are very similar when the values for the model run WIA are reduced with the
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amount coming from the AMSU-A data. This is most probably caused by the restarts
from ECMWF analyses at 00 UTC and 12 UTC in the assimilation schedule making the
first guess fields almost the same at 03 UTC and 15 UTC.

4.1. Observation verification

Figures 11 and 12 show observation verification scores (bias and rms) for the July/August
period (July 25, 00 UTC to August 31, 18 UTC) using the standard EWGLAM (Euro-
pean Working Group on Limited Area Modeling) station list. It is clear that the impact
from using ATOVS brightness temperatures is very small for these parameters. How-
ever, there is a tendency towards WIA having marginally better rms-scores for long
forecast lengths for upper level winds and 500 hPa temperature. The daily differences
in the scores are also very small as can be seen for the August period in Figure 13.
Figures 14 to 16 show similar plots for September 2001. For September the impact
is very small, too, on these parameters. However, the tendency towards WIA having
marginally better rms-scores for long forecast lengths for upper level winds and 500 hPa
temperature is consistent.

4.2. Field verification

The field verifications showed very similar results for NOA and WIA with an overall
neutral impact and accordingly no figure is included.

5. Conclusion

The OSE experiment has so far shown a basically neutral impact of including the AMSU-
A brightness temperatures both overall and on a daily basis despite the differences in
the resulting analyses. However, the impact in such a summer/early fall period is not
expected to be large, especially not when restarting from ECMWF analyses twice a day.
The runs should be continued to cover a full fall and a winter period.

The runs including AMSU-A brightness temperatures have been very stable and
may be considered for real pre-operational testing as soon as a FG check has been
implemented.
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Figure 5: Difference plot of 850 hPa temperature (upper) and mslp (lower) of the analysis
including AMSU-A brightness temperatures (WIA) and the analysis without AMSU-A
brightness temperatures (NOA) valid on 20010625, 00 UTC. Contour lines are for every
0.25 K and 0.2 hPa, respectively.
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cost values at Q3UTC

cost values at 15UTC

total cost function with/without AMSU-A data
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Figure 10: Cost function values for 03 U%C analyses and 15 UTC analyses in august.
“FG NOA” stands for first guess values for the model run without inclusion of AMSU-A
data and “AN NOA?” is the same except but is the analysis value. Similarly “FG WIA”
and “AN WIA” are for the run with inclusion of AMSU-A data. “FG WIA ex” and
“AN WIA ex” are the total cost function for the model run with inclusion of AMSU-A
data minus the AMSU-A part of cost function value. Note that “FG NOA” and “FG
WIA ex” are very close in the plots. 18
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Figure 11: Obs-verification (bias and rms, EWGLAM station list) results for the
July/August 2001 period of surface parameters and geopotential height for pressure
levels specified in the plot. The small numbers in each plot indicate the number of
observations used in the verification for the given variable.
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Figure 12: Obs-verification (bias and rms, EWGLAM station list) results for the
July/August 2001 period of temperature and wind for pressure levels specified in the
plot. The small numbers in each plot indicate the number of observations used in the
verification for the given variable.
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Figure 13: Daily obs-verification (bias and standard deviation, EWGLAM station list)
results of 48 h forecasts for August 2001 of surface and upper level parameters specified
in the plot.
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Figure 14: Obs-verification (bias and rms, EWGLAM station list) results for Septem-
ber 2001 of surface parameters and geopotential height for pressure levels specified in
the plot. Operational DMI-HIRLAM-G analyses have been used to reject observations
and the analysis verification scores are for the operational DMI-HIRLAM-G. The small
numbers in each plot indicate the number of observations used in the verification for the
given variable.

22



September 2001
EWGLAM station list
Temperature at 850hPa, units in K

0 6 12 18 24 30 36 42 48
forecast length

Temperature at 500hPa, units in K
W p——T T T T T 7

L4 BRI i
12 E e

0.8 A s ‘ ‘
osg” "
04 ! ! ! ! ! ! !
0.2

SR s S = S
0 6 12 18 24 30 36 42 48
forecast length

Temperature at 250hPa, units in K

0 6 12 18 24 30 36 42 48
forecast length

Figure 15: Obs-verification (bias and rms, EWGLAM station list) results for September
2001 of temperature and wind for pressure levels specified in the plot. Operational DMI-
HIRLAM-G analyses have been used to reject observations and the analysis verification
scores are for the operational DMI-HIRLAM-G. The small numbers in each plot indicate
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Daily error (std/bias) in 48 h forecast
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Figure 16: Daily obs-verification (bias and standard deviation, EWGLAM station list)

results of 48 h forecasts for September 2001 of surface and upper level parameters spec-
ified in the plot.
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