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Report on the performance of an hourly data
assimilation cycle for the mesoscale model.

1. Introduction

The Nimrod project (Golding 1995) has a requirement for high quality mesoscale
model analyses, which must be made available at the earliest possible time. This report
describes tests of a data assimilation scheme suitable for such a system.

An hourly data assimilation cycle has been designed, and tested on three synoptically
different cases. This report describes differences between the current operational 3-hourly
assimilation cycle, and the new configuration. A description of the cases used in the
performance trial is given, and results are presented for each of these cases.

2. The hourly cycle

The current operational 3-hourly mesoscale data assimilation cycle is a continuous
one, with four main forecasts made per day. Each 3 hourly assimilation period provides
starting analyses and background fields for subsequent runs. The hourly assimilation cycle
is shown schematically in Figure 1. Runs are scheduled to start at 20 minutes after their
nominal data time. Each run dumps an analysis at T+0, from which the next run will start,
and background fields at T+1 to enable the next set of observations to be processed. Lateral
boundary conditions are taken from the Limited Area Model. The most recent set are taken.
Only those from the main LAM runs can be used because of the short length of the
intermediate LAM runs. The boundary conditions used for each mesoscale model run are
shown in Table 1.

2.1 Intermediate update cycle

One consequence of a near real-time assimilation cycle such as this is that the time
of receipt of data is a very important consideration. Preliminary studies were made to
investigate how long data typically is available after it’s "validity time".

For surface data, it was found that the time taken for the data to become available was
not going to present any problems for the hourly cycle. Half the surface synoptic reports are
received within 7 minutes, and by 20 minutes (when the extraction would be performed),



approximately 97% of the reports are available. For satellite observations, which is an
asynoptic data type, approximately 90% of the data has been received within 30 minutes. The
implication of this is that data for an hhZ run (extracted at hh+20) will contain virtually all
observations valid up until hhZ.

A study of the time taken for radiosonde observations to become available has
revealed the need for extra data assimilation. Taking main hour sondes only, a study of one
years worth of observations showed that even 80 minutes after their observation time, only
about 20% were available. By 140 minutes, nearly 100% were available.

As a solution to this problem, the system has been designed to include intermediate
update runs, whereby observations are re-extracted before the next run, and the previous run
(assimilation only) is re-run so that the late data is fully assimilated. This would obviously
be quite an expensive and time consuming process, but due to the fact that nearly all
radiosonde data is valid at 00Z,06Z,12Z, and 18Z, we need only have four of these
intermediate runs per day. This additional run is shown schematically in Figure 2.

(N.B See also section title "Future developments" at the end of the report)

2.2 Assimilation parameters

In designing the new assimilation cycle, we need to be careful in determining the
amount of forcing given to the observations during assimilation. To enable a fair comparison
between the hourly and 3-hourly cycles, the aim was to keep the amount of forcing
approximately the same for both cycles. This was done based on the following relationship:

Forcing « NO_ITER * A * TIME WINDOW * FREQ _OF DATA

where:
NO_ITER is the number of analysis iterations per timestep;
A is the relaxation coefficient;
TIME_WINDOW is the time window for observation assimilation;

FREQ OF DATA is a measure of the data frequency.

The relaxation coefficient A is related to the nudging coefficient G by:

S CAT
1+GA T
where AT is the length of the timestep (300s)

For each group of observation types (as defined by the AC scheme groups), the above
factors were adjusted so as to keep the amount of forcing the same. The old and new values



are shown in Table 2.

3. The cases

The performance of the hourly assimilation cycle was assessed using three
synoptically different cases. These were:

13™ April 1994: Cloud
12" July 1994: Fog
14" September 1994: Precipitation

Each of these cases, and the configuration of the experiments, are described in this
section.

3.1.1 13" April 1994

This was a low cloud case. The period of interest in this case was 06Z to 15Z. At
06Z there was a large area of the UK (Eastern, Central, and Southern England) with
extensive cover of stratus and stratocumulus. The cloud generally lifted during the morning
period. The operational model T+6 forecast valid at 12Z on the 13" is shown in Figure 3.

3.1.2 12" July 1994

The interest of this case was an extensive area of fog. The period of interest was 00Z
to 09Z. During this period, a large area of fog was present over Cornwall, West Wales,
Western Scotland and the Irish Sea. The 06Z operational analysis charts are shown in Figure
4.

3.1.3 14" September 1994

Throughout the early hours of the morning of the 14", there was a prolonged spell
of rain. This was in a band which covered the UK south of a line from Central West Wales
to Essex. This band moved slowly northwards. The model had precipitation accumulations
(6 hours verifying at 06Z) of up to 20mm. The 06Z model analysis charts are shown in
Figure 5.

3.2 The method



In each of the cases, the hourly assimilation cycle was run over a 9 hour period. The
cycle was started with a one hour forecast, to enable the first observation file to be created.
A two hour assimilation/forecast was then run to enable the second observation file to be
made. The first of the main hourly runs was then made. A "main" run consists of a one hour
assimilation/6 hour forecast. The 9 hour period used ensures that an update run has been
included in each case.

3.2.1 The comparison runs

For each of the cases, it was necessary to run the usual 3-hourly cycle for comparison
purposes. This was started at the same time as the hourly cycle, with a 3 hour assimilation.
The cycle was then continued as operationally. The operational assimilation runs, which only
run for 6 hours, were extended to 9 hour runs for this experiment. This is their maximum
length given the boundary conditions they use.

4. Verification

The aim of the performance trial was to compare the verification statistics from the
hourly cycle against what would be available from the operational forecasts at the same time.
This involves an estimate of what time products are available from both the operational suite
and the hourly cycle. For the hourly cycle, an initial estimate is that products will be
available 60 minutes from data time. This is based on runs started at HH+20 minutes, and
erring on the side of caution in allowing 40 minutes for observation extraction, processing
etc., and a 7 hour model run.

A complete list of model runs and their availability times is given in Table 3. Based
on this, we can see which runs need to be verified against which. For example, the QMO07
hourly run (available at 08Z) would have to be verified against the 3-hourly QMO03 run. This
would mean that a T+0 from the hourly run is being compared to a T+4 from the 3-hourly
run etc.

Most of the verification statistics have been obtained from the mesoscale objective
verification package. In addition to this, the model forecasts were also verified against the
MOPS cloud and precipitation analyses to obtain scores for cloud in various height bands and
precipitation hit rates etc. These precipitation comparisons were made only over the area of
radar coverage. Both the hourly and the comparison runs were verified against the same
MOPS data (that from the hourly run). Precipitation hit rate and false alarm rate were
computed for a threshold of 0.02 mm/hr. The RMS factor is the anti-log of the RMS error
in log precipitation rate where both the observed and forecast exceed 0.125 mm/hr.

5. Results

The results are presented in tables 4 to 9. The results from over 150 forecast write-



ups have been summarised in two tables for each case. For each of three verifying times,
the first table shows results of the most recent forecast available from each cycle. For
example, at 14Z on the 13" April, the T+1 from the hourly QM13 and the T+35 from the
3-hourly QM09 are the most up to date forecasts available. These tables show the relative
usefulness of the products to be used in the image processing and analysis components of
Nimrod. In the description below these are termed the analysis products.

The second table for each case shows average verification statistics for the comparable
parts of the forecasts. These give a measure of the relative skill over the whole of the
forecast period. As an example, the average of the T+1,2,3,4,5,6 from the hourly QM14
is compared with the average of the T+3,4,5,6,7,8 from the 3-hourly QM12. These are
termed the forecast products.

Further, more detailed, results are described and presented in Appendix /1.

5.1 Cloud case

Precipitation verification was not carried out for this case as a negligible amount was
observed. The analysis products compared in Table 4 favour the hourly cycle in all scores
except for the RMS total cloud cover measured against spot observations at 14Z. Since this
is contradicted by the same error computed against analysis (MOPS), its significance is
considered doubtful. Most of the comparisons show a substantial benefit in favour of the
hourly cycle. This is the only case that shows significant improvement in the wind scores.

The forecast products compared in Table 7 also favour the hourly cycle in most
scores. There is little to choose between the wind scores, some being better and some worse
in the hourly cycle. Again there is conflict between the two cloud verification methods with
the analysis comparisons showing significant gains. The temperature and humidity scores are
also substantially better in the hourly cycle.

5.2 Fog case

The precipitation was also very local in this case. For this reason the relatively poor
performance of the precipitation in the hourly cycle is not considered significant. There is
not a lot to choose between the cloud with some scores better and some worse in both the
analysis products (Table 5) and the forecast products (Table 8). However, in both tables the
temperature and humidity are substantially improved in the hourly cycle, suggesting that the
visibility was also better.

5.3 Precipitation case



The analysis products in Table 6 favour the hourly cycle except at 10Z for the winds -
which are almost identical - and for some of the total cloud scores. The precipitation, which
is the focus of this case, is substantially better in the hourly cycle. There are also significant
improvements in the low cloud and humidity.

The forecast products in Table 9 show mainly small changes in most scores, with a
mix of better and worse for the hourly cycle. The precipitation scores are markedly better
in the hourly cycle at 07Z and 08Z but close at 09Z with a worse False Alarm Rate.

5.4 Summary

The verification scores from the hourly cycle are better than the 3-hourly scores for
the majority of times and parameters. The precipitation scores from the September case and
the cloud scores from the April case are particularly encouraging. In all cases, humidity and
temperature scores are much improved, whilst 10m wind scores are also generally improved
but to a lesser extent. The improvement brought about by the hourly cycle is more noticeable
when comparing the analysis products (tables 4-6). Substantial improvements are still found,
however, in the comparisons of the entire forecasts.

In nearly every example, low cloud scores (from the MOPS verification) are shown
to be improved. The same is true of the RMS screen humidity scores, with up to 2%
improvement for the analysis products and 1% in the whole of the forecasts. RMS screen
temperature errors are better by about 0.2 degrees in the analysis products. The
improvements were larger in the cloud and fog cases.

Future changes

Since the testing of the assimilation cycle was performed on the three cases, the question of
minisonde (boundary layer sonde) data has been raised. In the course of a year, the number
of these is about one eighth the number of full sondes. They have observation times given
as the nearest hour to launch time; e.g a minisonde launched at HH:29 will be labelled as
a HHZ sonde, and one launched at HH:31 will be labelled as a (HH+ 1)Z sonde. The reports
from minisondes were found to arrive at the UKMO slightly faster than full main hour
sondes, but with the current configuration of the cycle most of the data (about 90%) would
arrive after the cut-off time.

Therefore, in order to fully utilise the data from these minisondes, we need to include
extra assimilation at intermediate hours also. We could achieve this by having two hours of
assimilation for each of the runs. We would then extract observations for the previous two
hours (HHZ and (HH-1)Z), remake the (HH-1)Z observation file, make the HHZ observation
file, and assimilate both these prior to the HHZ model run. This run would then have to
output the analysis for the next run (at HH-1), and background fields for the observation files



to be made prior to the next run (at HH and HH+1). The need for the extra update cycle
described in section 2.1 would then no longer exist.

Obviously this extra assimilation would add significantly to the time and cost per
model run (by about 25%). It may also be worth bearing in mind that of all the minisondes
launched, over 70% are done between 01Z and 07Z.



Appendix I - Technical details

The number of technical changes that were required to set up the hourly cycle was
fairly small. These are mentioned here.

1) For the observation extraction, new control files were required. These were necessary to
enable the extraction time window to be set (HH-59 to HH).

2) The routine gchknew was hardwired to recognise existing model run identifiers only. This
was modified such that the new model runs were recognised (QMO01, QMO2 etc.).

3) A number of changes were required to the (Cray) observation pre-processing control files.
This was to account for the fact that T+1 (not T+3) background fields are being used.

4) The MOPS restore job was amended to allow the restore of observations and imagery for
intermediate hours.

5) The MOPS forward interpolation namelist was changed to account for the fact that the
"mesout" fields are T+1 (not T+ 3).

Appendix II - Detailed results

Tables 10 and 11 contain more detailed verification statistics for each of the cases. The data
are arranged as follows. Table 10 has three sections - one for each case. Each of these
sections is divided into three sub-sections - one for each of the hourly assimilation runs that
could be verified against a 3-hourly run. Within these sub-sections, verification scores are
given for each forecast time. Scores are presented for the following parameters:



Relative humidity  (abbreviated RH)

10m Wind speed (WS)

10m Wind vector (WV) Verified against surface observations.
Screen temperature (T)

Total cloud amount (CT)

Precipitation hit rate (PHR)

Precipitation false alarm rate (PFA)

Precipitation RMS factor P)

Low cloud amount (CL) Verified against MOPS data.
Medium cloud amount (CM)

High cloud amount (CH)

Total cloud amount (CT)

So, as an example (12/7/94 case), the T+5 RH RMS error from the 3-hourly QM03
was 8.3%, while the T+1 from the hourly QMO07 verifying at the same time was 7.2%.

In this table, the best scores are bold (if better by more than 1%), and bold and
underlined if more than 10% better.

Table 11 should be read in the same way as table 10, and is just a summary of the
same data (verification against surface observations and MOPS precipitation only). Here, a
>+’ indicates that the hourly cycle was more than 1% better, a ’+ +’ means more than 10%
better. A ’-> means the hourly cycle was more than 1% worse, and a ’--> means more than
10% worse. These tables indicate that the advantage of the hourly cycle drops with increasing
forecast time, with very litte benefit left by T+6.
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Real time

11:20Z Make 11Z observation files.
Run the QM 11 6 hour forecast

12207 Make 12Z observation files.
Run the QM 12 6 hour forecast

12

13:20Z Remake 11Z and 12Z observation files (late data will be extracted) update
Run short assimilations to fully assimilate the extra data run

Make 13Z observation files.
Run the QM 13 6 hour forecast

14:20Z Make 14Z observation files.
Run the QM 14 6 hour forecast

Figure 2. Schematic diagram to llustrate the update runs |
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Mesoscale run

Boundary conditions
from ....

Hourly cycle | 3-hourly cycle
QMO0 QL18 QLO00
QMO1 QL18 N/A
QMO02 QL18 N/A
QMO03 QLO0 QLO03
QM04 QLO0 N/A
QMO5 QLO00 N/A
QMO06 QLO00 QLO6
QMO7 QLO00 N/A
QM08 QLO0 N/A
QM09 QLO6 QLO09
QM10 QLO6 N/A
QM11 QLO6 N/A
QM12 QLO06 QL12
QM13 QLO6 N/A
QM14 QLO6 N/A
QM15 QL12 QL15
QM16 QL12 N/A
QM17 QL12 N/A
QM18 QL12 QL18
QM19 QL12 N/A
QM20 QL12 N/A
QM21 QL18 QL21
QM22 QL18 N/A
QM23 QL18 N/A

Tablel. Source of LAM boun conditions for mesoscale runs

16



Observation types: Pstar, Surface temperatures, surface RH

N_ITER increased from 1 to 2
G unchanged
TIME_WINDOW decreased from (-120,24) to (-60,12)

Observation types: upper level temperatures, upper level RH

N_ITER increased from 1 to 2
G decreased from 0.0005 to 0.0003
TIME_WINDOW decreased from (-150,30) to (-120,24)

Observation types: upper level winds

N _ITER increased from 1 to 2
G decreased from 0.00066 to 0.00038
TIME_WINDOW decreased from (-150,30) to (-120,24)

Observation types: surface winds

N_ITER increased from 1 to 2
G unchanged
TIME_WINDOW decreased from (-120,24) to (-60,12)

Observation types: MOPS

N_ITER unchanged
G unchanged
TIME_WINDOW decreased from (-150,30) to (-60,12)

Table 2. Assimilation parameters for the hourly assimilation cycle (see section 2.2 for explanation of parameters).

(For the TIME_WINDOW parameter, the two numbers are minutes before validity time followed by minutes after validity time)
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Model Run | Time at which products from hourly Time at which products from
cycle are available 3-hourly cycle are available

amoo 01:00Z 03:10Z
amo1 02:00Z N/A
amo2 03:00Z2 N/A
amo3 04:00Z 07:50Z
amo4 05:00Z N/A
Qmo5 06:00Z N/A
Qmo6 07:00Z 09:102
amo7 08:00Z N/A
amos 09:00Z N/A
amo9 10:00Z 13:152
am10 11:00Z N/A
am11 12:00Z N/A
am12 13:00Z 15:10Z
am13 14:00Z N/A
am14 15:00Z N/A
am15 16:00Z 21:252
am16 17:00Z N/A
am17 18:00Z N/A
am18 19:00Z 21,852
am19 20:00Z N/A
amz0 21:00Z N/A
am21 22:00Z 01:152
am22 23:00Z N/A
amz3 00:00Z N/A

Table 3. Product availability times

18




Verification statistics for 13th April 1994 case - Cloud

Parameter VI[i4Z 13704794 |15Z 13/04/94 [L6Z 13/04/94
FT| T+50) | T+1 (1) [T+3 Q) [T+1 (M) T+43) [T+1(1)
RMS screen humidity 13.95 10.13 11.78 11010 §12.22 @ ['11.04
RMS 10m wind speed 2.37 2.08 2.78 2.50 239 2.27
RMS 10m wind vector error 2.93 2.61 3.41 3.21 3.08 3.08
RMS screen temperature 1.81 1.44 1.49 1.14 1.47 1.11
RMS total cloud 2.40 2.62 2.89 2.26 297 2.81
Precipitation hit rate NA NA NA NA NA NA
Precipitation false alarm rate NA NA NA NA NA NA
RMS Factor (precipitation) NA NA NA NA NA NA
RMS low cloud (MOPS) 3.79 3.24 3.67 2.85 NA NA
RMS medium cloud (MOPS) 3.47 3.28 3:97 2.79 NA NA
RMS high cloud (MOPS) 2:99 2.26 2.47 1.88 NA NA
RMS total cloud (MOPS) 3.74 325 357 2.94 NA NA
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Table 4. Verification scores for the cloud case

VT is the validity time of the comparison, FT is the length of forecast
with the cycle length in brackets




Verification statistics for 12th July 1994 case - Fog

20

ﬂmzazmq VIPSZ 12/07/94 [09Z 12/07/94 I0Z 12/07/94

FT| T+503) [ T+1(1) [T+3@) [T+1 () ]|T+40) [T+1(1)
RMS screen humidity 8.30 7.20 8.78 8.78 10.39 8.57
RMS 10m wind speed 1.65 157 1.83 1.81 171 1.79
RMS 10m wind vector error 2.22 222 2.43 2:.32 2.32 2.24
RMS screen temperature 1.76 1.49 1.87 g 2.18 1.81
RMS total cloud 1.75 1.35 1.81 2.10 2.21 1.58
Precipitation hit rate 87.3 74.5 74.7 62.8 NA NA
Precipitation false alarm rate 46.3 44.6 52.9 44.8 NA NA
RMS Factor (precipitation) 2.75 6.05 217 4.07 NA NA
RMS low cloud (MOPS) 2.58 242 213 2.24 NA NA
RMS medium cloud (MOPS) 3.13 2.94 2.7 2.61 NA NA
RMS high cloud (MODS) 214 i 1286 1 NA | MNA
RMS total cloud QSOHVMV 2.55 2.53 2.07 22T NA NA

Table 5. Verification scores for the fog case

VT is the validity time of the comparison, FT is the length of forecast
with the cycle length in brackets



Verification statistics for 14th September 1994 case - Precipitation
arameter VTPS8Z 14/09/94 09Z 14/09/94 1I0Z 14/09/94
FT[ T+50) [ T+1 () |T+3@) [T+1 () ]|T+40)[T+1(1)
RMS screen humidity 7.19 5.68 7.25 6.80 9.58 7.21
RMS 10m wind speed 2.36 2.18 2.39 2.25 2.26 2.28
RMS 10m wind vector error 3.57 2.99 3.13 3.09 2.90 2.92
RMS screen temperature 1.04 1.02 1.36 1.35 1.68 1.26
RMS total cloud 1.30 1.24 1.39 1.44 1.19 1:12
Precipitation hit rate 59.1 64.4 63.5 70.5 NA NA
Precipitation false alarm rate 37.6 25.8 36.8 28.2 NA NA
RMS Factor (precipitation) 4.80 2.91 4.40 3.07 NA NA
RMS low cloud (MOPS) 3.87 3.30 3.34 3.09 NA NA
RMS medium cloud (MOPS) 3.64 3.38 3.64 331 NA NA
RMS high cloud (MOPS) 3.85 3.38 s TR NA NA
RMS total cloud (MOPS) 3.01 3.20 272 2.88 NA NA

Table 6. Verification scores for the precipitation case

VT is the validity time of the comparison, FT is the length of forecast
with the cycle length in brackets
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Verification statistics for 13th April 1994 case - Cloud

Parameter DI3Z 13/04/94 [14Z 13/04/94 I5Z 13/04/94
Cyclel 1 3 1 3 1 3

FT} 1-2 5-6 1-6 3-8 1-6 4-9

RMS screen humidity 11.09 13.85 12,25 13.00 12.48 1315

RMS 10m wind speed 2.40 2.61 2.25 2.33 2.26 2.27

RMS 10m wind vector error 2.99 3.20 2.96 2.90 2.89 2.83
RMS screen temperature 1.46 1.77 1.38 1.52 1.30 1.54

RMS total cloud 2.58 2.57 2.89 2.97 3.06 3.07

Precipitation hit rate NA NA NA NA NA NA

Precipitation false alarm rate NA NA NA NA NA NA

RMS Factor (precipitation) NA NA NA NA NA NA

RMS low cloud (MOPS) 335 3.75 3.12 3.67 NA NA
RMS medium cloud (MOPS) 38 3.45 297 3.37 NA NA

RMS high cloud (MOPY) 267. | 305 129 |2 NA NA
RMS total cloud (MOPS) 3.24 3.65 2.94 3.57 NA NA

22

Table 7. Verification score averages for the cloud case

DT is the start of the comparison period, Cycle is the cycle length in hours,
and FT is the range of forecast lengths used in the comparison



Verification statistics for 12th July 1994 case - Fog

Parameter DIP7Z 12/07/94 [08Z 12/07/94 09Z 12/07/94
Cycle] 1 3 1 3 1 3

FT| 1-2 5-6 1-6 3-8 1-6 4-9

RMS screen humidity 8.13 8.68 10.65 [1167 111,70 12.48
RMS 10m wind speed 1.68 1.69 170 1.72 1.93 1.74
RMS 10m wind vector error 2.34 2.26 2.66 2.76 2.84 2.86
RMS screen temperature 1.67 1.89 2.36 2.64 2.60 2.86
RMS total cloud 1.73 1.95 1.82 212 1.86 2.09
Precipitation hit rate 66.2 85.7 62.8 74.7 NA NA
Precipitation false alarm rate 50.1 46.6 44.8 52.9 NA NA
RMS Factor (precipitation) 4.87 295 4.07 3.17 NA NA
RMS low cloud (MOPS) 2.20 2.54 2.24 213 NA NA
RMS medium cloud (MOPS) 2.88 299 2.61 2T NA NA
RMS high cloud (MOPS) 2.30 217 1.96 2.40 NA NA
RMS total cloud (MOPS) 2.39 2.38 227 2.07 NA NA

Table 8. Verification score averages for the fog case

DT is the start of the comparison period, Cycle is the cycle length in hours,

and FT is the range of forecast lengths used in the comparison
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Verification statistics for 14th September 1994 case - Precipitation

Parameter DT[07Z 14709794 [08Z 14/09/94 P9Z 14/09/94
Cycle] 1 3 1 3 1 3
FI] 1-2 5-6 1-6 3-8 1-6 4-9
RMS screen humidity 6.71 774 |11.45 |11.86 11235 | 1295
RMS 10m wind speed 227 235 2.36 2.30 2.49 2.37
RMS 10m wind vector error 3.06 3.56 3.27 3.05 3,32 3.16
RMS screen temperature 1.22 117 2.00 1.99 2.02 2.09
RMS total cloud 1.42 1.35 1.51 1.48 1.45 1.53
Precipitation hit rate 67.2 57.8 70.5 63.5 69.1 68.1
Precipitation false alarm rate 28.1 43.0 28.2 36.8 50.7 44.9
RMS Factor (precipitation) 3.20 4.71 3.07 4.40 3.22 3.21
RMS low cloud (MOPS) 3.33 3.77 3.09 3.34 3.55 3.54
RMS medium cloud (MOPS) 3.51 3.79 3.31 3.64 3.57 3.62
RMS high cloud (MOPS) 3.40 3.87 322 3.75 .57 3.77
RMS total cloud (MOPS) 34 129 1288 (272 | 0 2.97

Table 9. Verification score averages for the precipitation case

DT is the start of the comparison period, Cycle is the cycle length in hours,

and FT is the range of forecast lengths used in the comparison
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8 5
1422 | 1398
1.73 1.79
3.04 288
3.26 312
153 1.78

PFA | 529 4438

P 317 | 407

cL 213 224

™ 271 261

CH 2.40 1.96

cT 207 221

T+ 4 1 5 2 6 3 7 4 8 5 9 6

RH 1039 | 857 1086 | 9.45 1252 | 1152 | 1327 | 1270 | 1422 | 1480 | 1364 | 1363

ws 1.7 1.79 154 1.7 1.88 2.13 164 1.95 173 198 1.94 2.03

w 232 223 263 258 312 3.19 3.01 2.96 3.04 297 3.07 3.12

T 2.17 181 | 246 205 | 299 269 | 307 2.81 3.26 3.16 3.18 3.09

cT 2.21 158 | 254 1.7 2.49 195 | 213 1.96 153 197 163 2.00

25



134 |5 1 6 2
RH 1395 | 1043 | 1376 | 12.05

WS 2.37 2.08 2.84 2.1

w 293 261 347 331

T 181 144 173 147

cT 240 262 273 253

cL 3.79 324 371 345

™ 347 328 343 318

CH 2.99 226 3.07 3.08

cT 374 325 356 322

T+ 3 1 4 2 5 3 6 4 7 5 8 6

RH 178 | 146 | 1229 | 1144 | 1269 | 1108 | 1336 | 1268 | 149 | 1431 | 1296 | 1256
WS 2.78 263 2.39 225 2.24 221 2.23 217 2.13 2.1 2.20 214
w 3.41 333 3.08 3.07 283 283 3.01 2.98 2.56 256 252 247
T 149 137 147 129 2.04 185 133 119 142 128 1.39 129
cT 2.89 244 297 281 2.96 281 297 289 3.05 3.07 298 331
cL 367 312

c™ 337 297

CH 241 292

cT 357 294

T+ 4 1 5 2 6 3 7 4 8 5 9 6

RH 1229 | 1108 | 1269 | 1143 | 1336 | 1298 | 1496 | 1454 | 1296 | 1273 | 1263 | 1246
ws 2.39 227 2.24 2.25 2.23 220 213 2.15 220 227 242 244
w 3.08 3.08 283 287 3.01 3.07 256 264 252 2.64 297 3.03
T 147 111 2.04 113 133 1.10 142 115 1.39 123 159 146
cT 2.97 2.81 2.96 273 297 297 3.05 2.88 2.98 322 347 3.75
198 |5 1 6 2

RH 7.19 568 8.28 113

ws 2.36 218 256 2.36

w 357 299 355 313

T 1.04 102 1.30 141

cT 130 124 139 159

PHR | 5.1 64.4 56.4 0.0

PFA | 376 258 484 303
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P 48 291 | 463 348
cL 3.87 330 | 366 3.36

M 364 3.38 3.93 3.64

CH 385 3.38 3.88 342

cT 3.01 3.20 2.97 3.08

T+ 3 1 4 2 5 3 6 4 7 5 8 6
RH 125 68 958 193 1152 | 1039 | 1288 | 1248 | 1452 | 1507 | 1538 | 1592

WS 239 225 2.26 2.28 225 235 2.46 256 1.99 2.18 2.45 254

wv 3.13 3.09 2.90 2.96 2817 3.13 3.38 3.60 2.16 3.16 3.29 3.66

T 1.36 133 1.68 147 2,01 191 2,08 2.09 218 2.36 260 281

CT 139 1.44 1.19 1.14 1.32 1.56 161 1.93 1.69 154 1.68 155

PHR 635 105

PFA 36.8 28.2

P 4.40 3.07

CL 3.34 3.09

cM™ 3.64 331

CH 375 322

CT 272 2.88

T+ 4 1 5 2 6 3 7 - 8 5 9 6

RH 958 121 1152 9.83 12.88 12.05 14.52 14.47 15.38 15.82 138 14.72
WS 2.26 228 225 242 2.46 2.63 1.99 219 245 254 2.18 2.88
wv 290 292 2817 3.00 3.38 3.56 2.16 294 3.29 349 3.74 4.02
T 1.68 1.26 201 173 2.08 2.01 218 2.23 2,60 2.74 1.97 2.17
CT 119 112 132 142 161 1.64 1.69 1.69 1.68 151 1.1 134
PHR 64.6 708 ne 67.4
PFA 46.8 49.1 429 522
P 3.48 2.94 293 351
CL 357 3.54 351 355
CM 3.7 3.64 353 349
CH 3.89 3.67 3.65 347
cT 294 2.99 3.00 3.04

Table 10. Individual verification scores for the hourly and 3-hourly assimilation runs
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P ++

1 2 3 4 5
RH ++ ++ +
w
T ++ ++ +
c + ++
i -

Table 11. Summal

of individual verification scores for the hou

29

and 3-hour

assimilation runs.



