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OBSERVATIONS - AVAILABILITY AND QUALITY

By P.Unden, Eurcpean Centre for Medium Range Weather Forecasts,
Shinfie’d lark. reading, Betrkshire RG. 9AX, England.

1. INTRODUCTION

The weather forecasting problem is 1largely an initial-value
problem. 1In order to solve it by means of e.g. a numerical prediction
model the initial state of the atmosphere has to be defined. This is
done by analysing meteorological observations. There are many problems
in defining the initial state which are due to the limitations in the
geographical coverage and of the gquality of the observations. This
note will discuss these problems in relation to the task of numerical
weather prediction (NWP). The material relies heavily on a lecture
note prepared by Arpe (1985) which in turn makes use of notes by
Bengtsson (1976). '

2. REQUIREMENTS FOR ANALYSING METEOROLOGICAL FIELDS

2.1 Backgreund

The global observing system has peen built up gradually during the
last 200 years but was mainly confined to surface observations until
the second world war. These Dbecame synoptic ,i.e. carried cut
simultanecusly a little over 100 years agc. The synoptic observations
of pressure and wind enabled mapping and tracking .of depressicns, but
not in real time until telecommunicaticons became established. Synortic
metecrology developed based on air masses and frontal theories. The
aerciogical netweork set up in the late thirties ,mainly for
aeronautical purposes, enabled great advances in meteorology. For the
first time the 3-dimensional flow ¢ould be studied in the northern
hemisphere extra-tropics and analysis tecnigques, diagnostics, research
in the dynamics of the atmosphere and eventually numerical weather
prediction methods were developed.

The obsevational network is very incoherent in its global
coverage. There are large ocean areas almost void of manual
observations and there are also large land areas which are mainly
uninhabkited. To set up and operate cbservation statieons in such areas
(or at sea) is very expensive and can only be achieved to a limited
extent. Morecver is the above menticned aerelogical network expensive
to run due to manning and instrumentation costs. Scme observing



systems are also set up for more local use for short range forecasting.
The highest density of observations is normally found in countries with
well developed weather services.

There is alsc an increasing number of observations from moving
pla:zforms like oucys, sripe, a.fCratcs and satel.ites. FCor the sShlip.
and aircrafts the geographical coverage is again limited due to Lh=
actual routes chosen.

This global network is coordinated and supported Dby the World
Weather Watch of the World Meteorclical Organisation {(WMO). One of
their tasks is to try to 4increase the availability of observatiorns
where there is severe lack cof them. It is then important to assess the
requirements of observations for weather prediction and in particular
for numerical weather prediction, which is the most important task on a
regional or global scale.

The guestions to be answered are basically as follows:

a) What are the most relevant variables to observe?
b) On which space and time scales do we need to sample?
c) What accuracy is needed for the measurements and transmissions?

These questions are alsc interrelated since some variables hLave
large wvariatiens on  smaller scales than others. Highly accurate
measurents of say only one variable or only at some 1oCaticns may be 4
little benefic for an analiysis system.

The most basic considerations here are the space and time scales
of the main meteorolical systems observed. In the extra-tropics these
2re rarely ©of wavelengths shorter than 1000 km and their pericds are ¢f
the order of days. 1In order to map the synoptical systems one Ccan
conclude that the minimum sampling requirement wcould be 500 km in the
horizontal and 12 hours in time. This would enable us to cescribe &t
least the large scale patterns of wind and pressure.

There are however significant weather phencomenea cn smaller sca.les
like fronts, cloud clusters and tropical cyclones. They would reguire
a much higher sampling density. Most global prediction models,
however, have effective resolutions neot much higher than 200 km and it
would not be desirable or even possible to try to introduce features of
smaller scales than this.

In the vertical one can consider generalised bLaroclinic waves
without trying to resolve fronts. These tilt with height and at least
a 200 hPa resolution seems necessary to describe its broad features.
This also agrees with experience from quasi-geostrophic models.

The relevant wvariables fror observations are the ones which

correspond to the model variables i.e. temperatures, geopctentials,
pressures, windé components and humidities. The horizontal wind can ke
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divided into a rotational and a divergent part and the rotational part
is more accurately described than the divergent ones from the
observations. The divergent part is however important for the spin-up
in the model's physics. Humidity observations are also important for
defining the precipitating processes but the available humidity
coservations ale not ciapable of doiny this very well. They represent
scales much smaller than the typical model scale of 200 km. The model
will in due course generate its own consistent humidity field after a
couple of days, with or without humidity observations. Some surface
parameters like snow depth and sea surface temperatures are also used
but their impact on medium range weather forecasts is small.

Fig. la-1f shows the global data coverage for one 6 hour period as
received at ECMWF. It contains the coverage of satellite wind date
(SATEM 1000-2000 observations during a normal &-hour period), aircraft
reports (AIREP 400-B00}, drifting bucys (DRIBU 200-400), syncptical
surface and ship observations (SYNOP and SHIP T7000-8500), satellite
temperatures (SATEM and TOVS 4000-8B500), Dballoon wind measurements
{(PILOT 150-300} and radicscndes (TEMP 60C-68C at 00 or 12 UT).

2.3 Regquired accuracy

The ECHMWF data assimilation system can cope with any accuracy ¢f
observational data as long as their accuracy is known anc as long as
the datz have nc systematic bias. In principle a large _number c
randomly inaccurate date can be used to obtain analyses with & higher
accuracy than any of the data involved. Sample averaces c¢f observed
data must, however, bDe more accurate than the first guesses used fcr
the analysis. Observational data, which have a systematic bias have
the most detrimental effect on the guality of the analyses. Als:
isolated inaccurate cobserved data are difficult to use.

The present operaticnal cobservational network is very expensive tc
maintain and it would bDecome even more expensive to ingrezse trs
accuracies of the measurements. Attempts have been made to& estimete
the effect of the accuracy of initial data on forecast guality. Ths
cbservational data errors are not the same as analysis errors, but the
analysis errors will be highly influenced by the accuracy ©f observesd
data and therefore we can use such investigations to see if there is &
limit o©f accuracy Dbeyond which it would net be worth going. Such &
study was carried out by Lorenz (1969) who investigated the errcr
growth of a barotropic model.

This model has an energy spectrum as indicated by the heavy curve
in Fig. 2. After disturbing the initial values in the smalilest scales
the rerun forecasts take a wWhile before the larger scales are
influenced by these disturbances due to nen-linear Ainteractions. The
thin curves in Fig. 2 incicate how much of the spectrum is a&ffected Ly
the initial disturbances after 15 minutes, 1 hour, 5 heurs, 1 day and &£
days. The error energy is seen to double very quickly while it is



ey

KT

10 0T SOE wE

L]

50w e

(2]

90w T

110%

130°W

W

50

17rs

0 SATEM

0 PLLOT
H4S ANR

el 0 TEwW

ol

0 SARTOE 28!

RIREP COBR

12 GMT 12 JAN 1988

170

H

S

0 SYNOP/SHIP T

ALL 0BS

L]

SC°E CTE

0

10" 10"E b

hooi]

L)

o

i

70°

130°W 1107 D)

150"

@<
I I
e 2 !
w w o e :
8 B 3 i .
y e f ¢ .w
2 E 2 = .
B B ® 8 n

e
o

B

S0E
SO

I
ICE

conmgy e reeans

10°€
0 SATEM

H4S ANA
1G°E

10°

L]

H
AL

{4l

0 PILAT

30w
EwP
30

73
aia

.
!

Ty
s

S
0
0es

O"H

5

By
L

L]
Rl
aL

W

0t
o

ki

o
|ag

W
0 sA0B
N

El
9

110

110

i

Q AIPEP-COLBR

12 GMT 12 JAN 19688
1300

170%

130

W

155°
150

TTI8 §TNCP/SHIP

170w

-+

-
k)

170

e

13°E

nete

e e

S0t

150% 130' 110% 90N 0 S0°W 3ot 10°W 10'E Eload

170"

TTLEELiITEEREEL

ELE
syzodax 1Feionite (d (dIHS PUe dONAS) sy10dai aoeyans TeoTidouds (e
10J 00SI-TO60 ZI-10-8861 JMWDE 3E 9beieAa0d ElR( °I 2InbT 4




f) satellite temperatures and thickresses (SATEM and

1499988529999899¢

d) radiosondes (TEMP and ASAP) e} profiles of wind (PILOT)

]
e
™

S
“_“l;‘
it

Lol o)
%
MM
!
(2]

b
L")
rg‘."

.

) FaY

)
-
Mg
L

HOE 130°E 150

0 STHOP/SHIP Q) AIRERF/COLBA O SATOR  Q DAIBY D TEWF 221 PILOT 0 SATEM

12 GMT 12 JAN 1988 ALL 0BS HiS ANA
170W IS0 10W  10M  90M T0W SO SW W 10E M€ SOE  TOE 90 MIOE  130°F 180 170%

e T T T T T T R T A A T o A i

0 STNP/SHIP O AIREP/COLBA O SATOE 0 DRIBU B51 TEMP O PILAT O SATEW
12 GMT 12 JAN 1988 ALL 0BS HiS ANR
PP TS0 130 1IOW 80N TH_ SCM 30W  I0W  10°E 3OF S0 Y0¥ 157Y 170

170°W 150w 130°W 110 Sd'k T0W S0°W Xrw 10°N * 10°E T S0% 0% 9N HOE 130%E IS0 10



confined to the smallest scales.

The same model was run with different dinitial perturbations to
estimate the gain of predictive skill in the forecasts by halving the
initial errcr. Table 1 gives the range of predictability as function
of wavelengtn an. initial error. Even wita very large inatial errers
of 89 m/s, the synoptic scale circulation retains some predictive skill
for one day, while some planetary scales retain some predictability for
a week. If the initial error is halved, the range of predictability is
nearly doubled for a large range of wavelenghts. This is also nearliy
true when halving the initial error ancther time, Dbut it is obvious
that further reduction of initial errcrs give less and less gain in
predictive scill. For the synoptic scale of motien (L >1250 km} &
reducticn of the error below 1 m/s $eems Unnecessary.

If these results can be spplied t¢ the real atmosphere, there is
ne need to observe (or to have initial analyses) with higher accuracies
than 1m/s as far as the prediction of synoptic planetary scales is
concerned. Using the geostrophic aproximation we can  estimate froo
this an optimal accuracy for the height field. More realistic
experiments are, however, needed to confirm these results although they
agree in general terms with what has Dbeen observed for e.g. the
influence of one bad piece of data. Uncertainties in the analyses are
nct restricted to small scales as in the experiments discussed above
ancé therefore in realistic experiments one would also find the error
grcwth in  long wawses due td analyses errors from the keginning ©f the
forecasts. BRlso the the errors of the forecast model itself play an
ipportant roie in the growth cof forecast errors.
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Fig. 2: Basic energy spectrum {(heavy curve), and error-energy
spectra {thin curves) at 15 minutes, 1 hour, 5 hours, 1 day, and 5
days, as derived from a numerical experiment. Thin curves coincide
with heavy curve to the right of their intersections with heavy
curve. The horizontal coordinate is the fourth root of the
wavelength, labelled according to wavelength. Resolution intervals
are separated by vertical marks at base of diagram. Vertical
coordinate is energy per unit logarithm of wavelength, divided by
the fourth root of wavelength. Areas are proportional to energy
{from Lorenz, 1969)

Table 1: Predictability as a function of wavelength and
initial error (d = days, h = hours)
{(after Lorenz, 19692).

wave
length _ tnitial Error (m/sec)
{ km ) 9 4.5 2.2 1.1 0.6 0.3
20000 5.74 g.0a 8.24 9.84 10.04 10.14
10000 2.5 4.0 4.8 5.3 5.5 5.6
5000 1.1 2.0 2.6 2.9 3.1 3.1
2800 12.8h 23.8h 1.4 1.6 1.8 1.9
1250 6.1 11.9 17.8h 22.3h 1.0 1.1
625 3.0 6.0 9.6 12.7 14.4h 15.2h
312 1.5 3.1 5.2 7.2 8.5 9.9
156 0.7 - 1.5 2.8 4.1 5.0 5.5




3. HOW OPERATIONAL DATAR MEET THESE REQUIREMENTS

2.1 Distribution of observaticnal data

In previous section Fig. 1 shows the typical data coverage for a
6-hour pericd centred around a main hour (00 or 12 UT). As mentioned
before the most dimportant source of 3-dimensional data is frorw
radiosondes. If they were distributed evenly with the 500 kn
resclution mentioned earlier they would describe the planetary synoptic
pattern in the horizontal and vertical reasonably well. Fig. 3 shows
schematically the density of observational data in & zonal mear
required to have this resoluticn together with the available
radiosondes at ECMWF for the same latitudinal bands during April 1984.

« ig obvious that south of 30 N the density of radiosonde stations is
far too low.

Fig. 3: Number of radiosondes in
zonal belts of 5°, Thick solid
line: reguirement to meet 500 km
distance between stations. Thin
solid line: everage number of
radiosondes received during ARpril
1984 at ECMWF for 00 GMT.

Dashed line: same as above

for 12 GMT.

Fig. 4 exnibits the geographical distribution of radioscnde data;
clearly there appears to be & deficiency alsoc in northern hemisphere
mid-latitudes over oceans. There are three quasi-stationary weather
ships in the Atlantic and there are also some Ships of oppurtunity in
both coceans repeorting fairly regularly along their routes. Triese ships
are cefirately too few to fulfil our reguirement of & 500 km spacing.
This picture has not cranged much in recent times except that & few
more automated ship soundings (ASZP) have become available.



e, * .

aNE

2

T

kol
TS ST
:E,-_-?-E—"

Reception rate #28-30 =®20-27 ©l14.19 +3.9

NS

N -u"“:.

<

W/\\

as

Te
Y

ey

*28.30 =20.27 <¢}0-19 =3.9

Reception rate;

Distribution and reception rate of radiosonde

4:
ascents from land stations at ECMWE during A

Fig.

il 1984.

pri

MT.

lower panel 00 G

Upper panels 12 GMT;



The TEMP observations are augmented by PILOT data in the tropics and
Australia. These contain only winds and many only in the lower part of
the troposphere if made with theodolite. Others are made with RADAR or
radio track finding equipment from a radiosonde station and these ones
contain the full verical wind profile. In the tropics the wind field
is however tiuz mos. relevant parareter to observe.

3.2 Accuracy and representativeness of meteorclogical data

The barometer is relatively the most accurate meteorclogical
instrument. The instrument error is as low as {.1 hPa which sheould be
compared Wwith an atmespheric variability of around 100 hPa. There are
however other effects which reduce the wvalidity of the appearent
accuracy.

The air flow around a building or ship may create dynamical
pressure changes of the order ¢f 1 hPa and is difficult to compensate
for. Then the atmosphere has tidal waves dominated by the semi-diurnal
tide and they appear as a pressure oscillation with amplitude up to 2
hPa 4in the tropics. The tides are difficult to represent very well in
forecast models and since the phase of the tides follows local time a
6-hour forecast may be guite out of phase. Since the tides cinstitute
the dominant part cf the variance of surface pressure in the tropics it
may be quite difficult to extract the "meteorological"™ signal.

Enother rreelem is the use of high elievation FEressure
observations. These are usually reduced to sea-level ©Or nearest
standard pressure level using the hydrostatic formula. This entails
some assumpticns about the temperature below (or sometimes above) the
statiocn. Bpart from often being unrealistic such practices vary frcn
region to region. State-of-the-art data assimilation system prefer to
use the station level pressuré to avoid excessive extrapolation. Still
Sorme may be necessary gince the model's oregraphy usually doesn'c
coincide with the one of the station. Alsc in some cases the real
altitude of the station may be incorrect.

Temperature can in principle be measured down to an accuracy of
0.2-0.1 K at screen height {2 m above greound). The turbulent
fluctuation guring & day with convection may however be of the order.cf
1 X ané local variations during a cloudless night may be much larger.
The representativeness is in other words much less for temperature thaxn
pressure under such conditiens. In the free atmosphere the temperature
is measured Wwith a calibrated thermister in a light disposable
instrument {radiocscnde). The <can neminally have an accuracy down to
0.2 K in ideal condition. In flight they are affected by the efficacy
of the airflow, reaction time of the instrument and, most impertantly,
radiation errors. These are due to sclar heating during the day &and
radiational cocling to space during night. The effect is mostly
pronounced in the stratosphere and may cause discrepancies of up to 2 X
becween different instrument types.



Wind measurements are mainly affected by the turbulent motions
which cause rapid fluctuations in the wind speed. It is a problem of
measuring on the right time scale which at the surface may be achieved
by time averaging. In the free atmosphere this is not possible since
the balloon rises with a speed¢ of about 300 m/minute and is thus
affected by local turbulence. Time averaging here means vertical
averaging and this is A@one when +tracking the path of the ballcon.
Other errors are introduced by the wind tracking equipment itself and
this increases with very low elevation angles (=long distance ana
strong wind) with ground-based systems. Comparisons between different
systems indicate differences of 2-4 m/s at various levels,

Geopotential (or sometimes referred tc as just height)
observations are computed by integrating the hydrostatic equation and
are thus affected by the errors in temperature. A systematic bias in
the temperature has an accumalative effect on the geopotential and this
can be gquite serious at high levels. Geopotential biases for
individual stations are therefore common and the conceived observation
error increase with height. Examples of such biases are shown for
Forth America in Fig. 5 {from Radford (1987)). At 00 UT the Pacific
area is in daylight and much 1less bias against the first guess is
observed than over the eastern states. At 12 UT a more uniform bias is
evident since the whole continental area is in darknes. These pictures
indicate a significant day-night problem with the geopotentials.

The polar orbiting satellites are the only potentially glebal
Cbserving systems &andé have & useful role to bridge the caps where
conventional data ¢o not exist. They are however contaminated by
clcuds and this leads to less accurate estimations in clecudy areacs.
&lso ice, snow and certain grcound properties present proplems and this
renders the lowest levels in the retrieved vertical profiles in such
areas almost useless. The retrieval o¢f temperatures is dcne by
inversion of the radiative transfer equation and this is not a uniquely
detrmined problem, i.e. there are several temperature profiles that
would give rise to the same radiation. Statistical metheds are
employed to relate radiation to radiosoncde measurements and to keep the
errors within reasonable limits most of the time. Comparisons between
co-lccated radiosondes and satellite temperatures show RME-differences
cof 2-3 K.

Measurements from gecstationary satellites <c¢onsist of wind
retrievals and for some satellites humidity and temperature profiles.
The wind data 4is the most commonly used product. The winds are
Froduced by tracking cloud patterns anéd this suffers from some
problems. Clouds do evolve and Ao not necessarily follow the actual
wind ( c.f. orographic clouds which are avoided in this context).
Also the cloud top heights are not well known. Overall this produces
errors of about of 5-7 m/s in the RMS sense.

Table 2 displays the conceived observation errors as they are used
in the ECMWF analysis scheme (1988). HNote however that these errors
alsc include the representativeness error with respect to the effective
model resolution ¢f about 200 km in the horizontal (and a variable one
in the vertical as well of the order of 1 km increasing £for higher
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levels). This error is significant and may be of the same order as the
actual accuracy ©f the observation.
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4. QUALITY CONTROL

A vital component of any automated system is guality control.
Observations received at a meteorological centre are sometimes severely
in error and if used directly they can bproduce absurd results. The
errcrs may be due to instument faults, reading errors, calibration
errors, coding errors or corruption in the transmission process. The
methods available today for detecting these errors are the following:

a) Internal consistency. Some observation types contain related
parameters like temperature and heights or temperatures and freezing
precipitation.

b) Climatological limits. Observed wvalues should not be allowed to
eXceed the known climatological extremes for a particular level in the
atmosphere (and season and region).

c) First guess check. Use of a short range numerical forecast is a
very powerful tool for discovering inccrrect observations. Statistics
of the distributions of observed-first guess values can be accumulated
and probabilities o¢©f the event o©f a certain departure can be
calculated. Some observations fall in the tail of the distribution
(see Fig. B) and the probability of them being correct is very small.

d) Independent analysis. A more expensive and slightly mcre subtle way
0 <checking is to anzlvse at observed variable at its peositien veing
surrcunding observations but nhot the observation to be checked. The
estimate 1is then compared with the observed value and if it eXxceeds
certain values it can be cecsidered to be probably incorrect ang
rejected.

e) Time continuity. A history can be kept of observed values and
quality flags for individual observation platforms. If the wvalues
suddenly change more than reascnable changes per time unit or if the
quality flags consistently indicate a problem, then the ckservationh is
suspect and can be rejected.

f) Data monitoring. In practice the previous method is expensive in
terms of data storage and computing and only works well for certain
cbservation types and areas. It can then be augmented by manual or
semi-manual day to day monitoring of observation departures for suspect
observations, certain platforms and gathering of say monthly
statistics. Then manual decisions have +to be taken Dbased on this
material whether to eXclude certain observations permanently {(until
they improve)}. Figure 7 shows an example of one radiosonde station
which had a very distinctive stratospheric bias problem in August for
both 00 and 12 UT.
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Figure 7. Time graphs of mean monthly differences between observations

and

From Radford (1987).

first gquess of gecpotential height at station 32061 in meters, 0O
UT data above and 12 UT below.
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