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Abstract

Results are presented from aretrospective analysis of 19 months
(May 1982—November 1983) of global atmospheric observations.
The National Meteorological Center Global Data Assimilation Sys-
tem was used in tandem with the atmospheric general circulation
model of the Center for Ocean—Land—Atmosphere Studies to pro-
duce four-times-daily representations of the global atmosphere,
Statistics were compiled regarding the use of data by the analysis
and the decisions of the quality control procedures. Comparison of
the reanalyses with both observation and the archived contempora-
neous analyses showed substantial improvements in the represen-
tation of the global atmospheric circulation, possibly excepting the
Southern Hemisphere south of 60°S. A list of data products from the
reanalysis is given in an appendix.

1. Introduction

The rapid progress in global atmospheric modeling
and atmospheric observing systems since the 1960s
has made possible reasonably skillful global numeri-
cal weather predictions extending to lead times of
several days. Modeling has improved dramatically as
aresult of continual enhancements of our understand-
ing of large-scale dynamics in both the Tropics and the
extratropics, and with the ever-increasing capability of
supercomputing technology. The observing system
was significantly improved during the First GARP
(Global Atmospheric Research Program) Global Ex-
periment in 1979, although it has been difficult to
maintain at a fairly steady level since that time. A
necessary part of the numerical weather prediction
process is the construction of global gridded analyses
of atmospheric observations using data assimilation
methods, which have also progressed significantly
over the last few decades. improvements in the statis-
tical techniques used to merge atmospheric model
output and observational data and in the quality con-
trol procedures have made it possible to consider
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using these by-products of numerical weather predic-
tion efforts as surrogates for measurements of the
four-dimensional structure of the global atmosphere.

Unfortunately, the steady improvement in numeri-
cal models, the incremental improvement in data
assimilation techniques, and the jump in observing
system capability in 1979 have made it difficult to use
global gridded analyses produced for operational
weather prediction as climate datasets. The changes
in statistical interpolation schemes, quality control
procedures, numerical weather prediction model reso-
lution, initialization, and sub-grid-scale physical pa-
rameterization, which have been implemented over
time, have introduced significant changes in the global
gridded analyses (Trenberth and Olson 1988a). These
variations in the record of global gridded analyses
make it untenable to use these datasets for analysis of
climatic time series.

Operational analyses also suffer from a time con-
straint imposed by the necessity to produce forecasts
in real time. Since there is a limited amount of time
available between the moment an observationismade
andthe time a forecast must be issued, there is a cutoff
time beyond which observational data received over
the Global Telecommunication System are not used.
These so-called delayed mode data are frequently
observations made in remote locations where there
are few stations and therefore where those observa-
tions can make substantial contributions to the avail-
able dataset. Although these observations have been
archived, they have not been used in the production of
global gridded analyses, so their value has not been
realized.

Bengtsson and Shukla (1988) suggested that if a
single data assimilation system and a single global
atmospheric model were used to process the entire
time series of atmospheric observations, the prob-
lems of the inhomogeneities of the data processing
system over time would be obviated. Also, all the
available observational data could be collected from
the various archives where they are stored, including
the delayed mode data.

In addition to the global gridded analyses, other
valuable data could be archived, such as the numerical
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weather prediction model diagnostics, including three-
dimensional heating, the surface flux fields, and pre-
cipitation, and also the data assimilation quality control
statistics, which provide information about the fidelity of
the analyses to the original observations as well as
information about the quality of the observations them-
selves. These quality control statistics would provide
a gauge on the reliability of the retrospective analyses
and would aid the preprocessing of the observational
data for future attempts at retrospective analysis.

The whole concept of retrospective analysis was
reviewed by an ad hoc panel to determine the efficacy
of such analyses for improving our understanding of
globalinterannual climate variability (Kinter and Shukla
1989). In response, the Center for Ocean-Land-
Atmosphere Studies (COLA) embarked on a feasibil-
ity study to determine whether or not a retrospective
analysis of a long time series of atmospheric observa-
tions would be possible, to conduct such a reanalysis,
and to determine the critical issues in conducting such
areanalysis. We selected the period 1 May 1982 to 30
November 1983 as a period in which there was a
significant El Nifo—Southern Oscillation event. That
period predates the time when the U.S. National
Meteorological Center (NMC) and the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF)
made substantialimprovements in their data assimila-
tion systems and numerical weather prediction mod-
els, and was also a period during which major changes
were implemented in the NMC and ECMWF systems
(Trenberth and Olson 1988a).

Since commencing our effort, other groups have
announced plans to produce reanalyses of the global
atmospheric circulation. The Data Assimilation Office
atthe National Aeronautics and Space Administration
Goddard Space Flight Center is performing a reanaly-
sis forward in time, starting from 1985. Model resolu-
tion is 2.5° longitude by 2.0° latitude, with 20 sigma
levels (Schubert et al. 1993). NMC is undertaking a
reanalysis for 1958-1993 using a T62 forecast model
with 29 sigma levels, along with the spectral statistical
interpolation analysis (Kalnay et al. 1993). ECMWF
will reanalyze the period 1979-1992 using a T106
model with 31 vertical levels, with a new three-dimen-
sional variational analysis (Burridge 1994). The Naval
Research Laboratory is also performing a reanalysis.

The COLA reanalysis was performed using an
intermittent, multivariate optimum interpolation cycle
based on the Global Data Assimilation System of NMC
(Dey and Morone 1985). The assimilation merges
observational data with a 6-h forecast (the “first guess”)
produced by a numerical model of the global atmo-
sphere. We used the COLA general circulation model
(GCM) to produce the first guess (Kinter et al. 1988;
Sato et al. 1989).
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In the following section, the COLA reanalysis is
described. The sources of data that were used are
documented in section 2. The analysis procedureitself,
including the implementation of complex quality con-
trol, is discussed in section 3. Section 4 provides an
overview of the results of the COLA reanalysis includ-
ing a discussion of the observational data that were
rejected by the analysis, comparisons of the mean
climate computed from operational analyses and from
reanalyzed fields, and a description of the improved
divergent flow in the reanalyses. A summary of the
COLA reanalysis and a discussion of further issues to
be resolved is provided in section 5.A listing of available
COLA reanalysis products is given in the appendix.

A thorough review of the COLA reanalysis is be-
yond the scope of a single article. Subsequent papers
will provide a more comprehensive examination of all
components of the COLA reanalysis.

2. Data

a. Observations

Five data streams were used as input to the analy-
sis: station upper-air soundings (radiosondes/rawin-
sondes/pilot balloons), aircraft wind reports, satellite
cloud-tracked winds, ship surface pressure and winds,
and TIROS (Television Infrared Observation Satellite)
operational vertical soundings (TOVS). The first three
datasets (Jenne 1975) were archived at the National
Center for Atmospheric Research (NCAR). They are
the data used in the contemporaneous NMC analyses
of 1982 and 1983. The ship reports were taken from
the Comprehensive Ocean—-Atmosphere Data Set
(COADS) (Slutz et al. 1985). About twice as many ship
reports were available in the COADS data as com-
pared with the archived ship data used in the NMC
analyses of 1982 and 1983. TOVS soundings were
obtained from the National Climatic Data Center
(NCDC)inthe formof layer meantemperatures (Kidwell
1991).

Tables 1aand 1b show various statistics for each of
the data streams available to the COLA reanalysis.
Separate statistics were compiled for 0000 and 1200
UTC analyses, and for 0600 and 1800 UTC analyses.
Means and standard deviations (in time) of the num-
ber of observations input to the analysis were com-
puted for all analyses with data available for each
particular data type. The number of analyses with
missing data is given in column five. The statistics in
Tables 1a and 1b are based on 579 days of four-times-
daily reanalyses.

The significant differences for data available at
0600 and 1800 UTC versus that available at 0000 and
1200 UTC were fewer station soundings of height and
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wind, and fewer satellite cloud-tracked
wind reports at 1800 UTC.

During some periods, data that
were normally present appeared to
be missing from the archive. During
the period 20 April-11 May 1983, only
3 of 46 0600 and 1800 UTC data had
station upper-air soundings archived.
TOVS sounding product data were
not available for the weeks of 22-29
May and 5-11 June 1983.

The operational analyses from
NMC and ECMWF for 1982 and 1983
were obtained from the data archive
at NCAR (Jenne 1975). Significant
changes were made to operational
models and analyses at both of these
centers during the period of the COLA
reanalysis. At the start of this period,
NMC was using a univariate analysis
of geopotential height and relative
humidity, and a multivariate analysis
of the zonal and meridional wind com-
ponents. The model resolution was
R24, with 12 sigma levels. On 14
August 1982, the model resolution
was changed to R30 and the analysis
became multivariate in heights and
winds. NMC used an adiabatic nonlin-
ear normal mode initialization (NNMI)
at this time. ECMWF initially was us-
ing a 15-level gridpoint GCM (1.875°
resolution). On 21 April 1983, the
modelwas changedtoa 16-level spec-
tral GCM with T63 resolution. The
ECMWF analysis was multivariate in
geopotential height, thickness, and
wind, and univariate in humidity.
ECMWF used an adiabatic NNM! until
21 September 1982, when they
switched to a diabatic NNMI (Tren-
berth and Olson 1988a; Trenberth
1992). The models at both centers
predate later versions with major im-
provements in model physics and
surface parameterizations similar to
those that were used by the GCM in
the COLA reanalysis.

b. Boundary conditions

TasLe 1a. Statistics for the number of observations (obs.) input to the analysis at 0000
and 1200 UTC. For multilevel observations, level refers to the level with the maximum
number of observations. Missing refers to the number of analyses produced with no
observations from that particular data stream. Means and standard deviations are
computed using only those times when data is present for the particular data stream.

No. analyses
Observation Mean no. Std dev Pressure with missing
type obs. no. obs. level (mb) obs.
Radiosonde Z 624.5 39.1 500
| RadiosondeRH 6139 s 0 3
\Upperwinds,q 11183 1082 850 3
' Dropsonde 2 25 36 500 57
Dropsondewind 22 33 500 534
| TOvs(and) 12408 168.9 70 51
MTOVS (ocean) 1946.2 245.6 856 - M48 o
| Ship surface -
L pressure 863.0 36.9 1000 0 o
Ship surface wind 835.9 36.7 1000 0
| Arcraftwind 1758 283 250 o
Satellite wind 529.2 135.6 850 2

TasLE 1b. As in Table 1a but for 0600 and 1800 UTC analyses. Satellite wind data is
never available at 0600 UTC.

No. analyses

Observation Mean no. Std dev Pressure with missing
type obs. no. obs. level (mb) obs.
Radiosonde Z 374 20.6 856 61

| RadiosondeRH  37.2 204 850 2 |
Upper wind 386.0 247:4 850M 54

[Oropsoncez  a 2 500 ® |
Dropsonde wind 27 29 500 428

1"?(?‘/3@&:11:3) V 11413 144.8 W 70 - 45; i
TOVS (ocean) 2091.5 269.3 850 47

| Shipsuface ' |

| - pressure 840.5 510 1000 0
Shipsufacewind 8127 493 1000 0

| Aireraft wind 186.8 312 20 0

i éatekllzite Wind’k 4 311.8 » 93.2 850 15

Observed global sea surface temperature (Reynolds
and Marsico 1893) and Northern Hemisphere snow
cover (Dewey and Heim 1982) were used in the
initialization of each 6-h forecast. The initialized value
was computed from the monthly mean values by linear
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interpolation from the two appropriate monthly means.
The monthly mean was considered to represent the

midpoint of each month.

The COLA GCM, which includes the Simple Bio-
sphere Model (Sellers et al. 1986; Sato et al. 1989),
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forecasts snow cover. Initially we intended to use the
forecast snow cover to initialize the next 6-h forecast.
However, we found that the GCM tended to melt an
initialized snow cover after several analysis/forecast
cycles. To compensate for this, the following proce-
dure was devised. After the first guess was produced,
the forecast snow cover was compared to the ob-
served snow cover at each of the model's Gaussian
grid points. If snow cover was present at the forecast
grid point, but not on the observed grid point (as
defined by the two interpolated monthly means), no
change was made. If snow cover was not present at
the forecast grid point, but was present at the ob-
served grid point, the forecast grid point was changed
to snow covered. It is assumed that this procedure
also better represents the intramonthly variability of
the snow cover.

Soil wetness observations were considered too
sparse and unreliable, so the model-predicted soil
wetness was used to initialize each following 6-h
forecast.

3. Procedure

A single analysis cycle consisted of the following
steps. The station soundings were corrected at upper
levels (after Mclnturff et al. 1979) to compensate for
solar radiation effects on the radiosonde temperature
sensor. All five data streams were ingested. The mass
data from radiosondes over India are “tossed” (i.e.,
rejected due to suspected poor quality), but the wind
data from the same stations were retained. Ship
reports with positions on land were tossed, as were
TOVS soundings that had been archived with error
flags. TOVS soundings were converted from layer
mean temperatures to geopotential heights on the
mandatory pressure levels (1000, 850, 700, 500, 400,
300, 250, 200, 150, 100, 70, and 50 mb). The differ-
ence of each observation from the first guess was
computed by interpolating the appropriate forecast
field to the location of each observation. These residu-
als of geopotential height (Z) and the horizontal wind
components (u and v} were then subjected to the
complex quality control procedure (OIQC) described
by Woollen (1991). This procedure consisted of an
iterative, multivariate optimal interpolation that checks
the vertical consistency of each observation as well as
checking it against neighboring observations. Obser-
vations rejected by the OIQC were not input to the
analysis program. Detailed statistics were retained
regarding the decisions of the OIQC on all observa-
tions from all data streams.

The analysis was multivariate for Z, u, and v but
was univariate for relative humidity (Dey and Morone
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1985), and incorporated all modifications to the NMC
analysis up to the time NMC switched to the T80
forecast model on 12 August 1987 (see Trenberth and
Olson 1988b for details). The analysis was performed
on the 12 mandatory pressure levels; the RH analysis
was performed only up to 300 mb. The global analysis
grid had 84 points along a latitude circle (with a lower,
staggered resolution poleward of 60° latitude), and 82
points along each meridian from North Pole to South
Pole. Upto 30 observations were used in the multivari-
ate Z, u, v analysis at each grid point; up to 10
observations were used at each grid point for the
relative humidity analysis.

A diabatic nonlinear normal mode initialization
(Machenauer 1977), with a cutoff period of 27 502 s,
was performed on the analysis before it was used to
initialize the next 6-h forecast.

The COLA GCM is based on a modified version of
the NMC global spectral model used for medium-
range weather forecasting (see Sela 1980 for the
original formulation; see Kinter et al. 1988 for the
modified version). The land surface parameterization
was changed to a biophysically based formulation
after Sellers etal. (1986) by Sato et al. (1989) and later
simplified by Xue et al. (1991). The model is the same
as that presented in Xue et al. (1991) except that an
interactive cloud radiation scheme was added (Hou
1990; after Slingo 1987). The GCM is truncated
rhomboidally at wavenumber 40. The vertical struc-
ture of the model is represented by 18 unevenly
spaced vertical levels using sigma (Phillips 1957) as
the vertical coordinate. The spacing of the levels is the
same as that used in the NMC medium range forecast
model (NMC Development Division 1988). The GCM
includes parameterizations of solar radiative heating
(Lacis and Hansen 1974), terrestrial radiative cooling
(Harshvardhan et al. 1987), cloud radiation interaction
as previously mentioned, deep convection (after Kuo
1965), shallow convection (Tiedtke 1984), large-scale
condensation with a relative humidity criterion as in
Sela (1980), a turbulence closure treatment of sub-
grid-scale exchanges of heat, momentum, and mois-
ture (Miyakoda and Sirutis 1977; after Mellor and
Yamada 1982), and biophysically controlled interac-
tions between the vegetated land surface and the
atmosphere as previously mentioned.

The retrospective analysis was started by using
the 0000 UTC 25 April 1982 NMC analysis to initialize
the COLA model. The COLA model then produced a
6-h forecast, which was used as the first guess for the
0600 UTC global analysis. The adjusted snow cover,
the forecast soil wetness, forecast clouds, and the
observed SST fields were used along with the 0600
UTC analysis to initialize the model in order to pro-
duce a first guess valid at 1200 UTC 25 April 1982.
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TasLe 2. Global toss rate for data as determined by the OIQC,
May 1982 through November 1983. Number of observations refers
to data input to the OIQC (kept + tossed).

No. of
Observation Pressure Toss rate obs.
type level (mb) (%) (x1000)
Heights
Ship
(surface pressure) 1000 18.3 1973
TOVS (land) 70 69 2649
‘ 50 26 2483 g
TOVS (ocean) 850 17.9 4484
70 2.0 4213
50 1.0 4175
Winds
Shlp 1000 2.9 1909
 Aircraft 306 27 o2
250 2.4 420
200 2.1 327
Satellite
(cloud tracked) 850 0.3 788
300 0.4 83
250 0.3 92
200 0.2 196

The forecast/analysis cycle continued in this manner
to produce the retrospective analysis.

4. Results

a. Toss rates

Global toss rates are given in Fig. 1a (for station
soundings) and in Table 2 for other types of observa-
tions. The toss rate is the percentage of observations
rejected by the OIQC with respect to the number of
observations input to the OIQC. The values given in
Fig. 1 and Table 2 represent totals for the entire period
of the retrospective analysis. Statistics for wind data
were compiled for layers bounded by the midpoint of
the pressure levels above and below the pressure
level in question. The total number of observations
input to the quality control program, over the entire
period of the retrospective analysis, is given in Fig. 1b
and Table 2.
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Fic. 1. (a) Toss rate (percent) for station soundings compiled for
the COLA reanalysis for the period May 1982 through November
1983. The solid line represents observations of geopotential heights;
the dashed line, winds. (b) Number of observations (x1000) for
geopotential heights (solid line) and winds (dashed line).

PRESSURE LEVEL (hPa)

Observations at levels not shown in Table 2 repre-
sented 5.2% of the total observations for the aircraft
winds and 7.3% of the total observations for the
satellite cloud-tracked winds. Only one level is given in
Table 2 for tropospheric oceanic TOVS soundings,
because the OIQC tossed all levels between 850 and
100 mb, inclusive, for an oceanic TOVS sounding with
atleast one tossed level. In general, the OIQC tended
to toss mass data at a higher rate than wind data. The
high toss rate at 1000 mb for radiosondes (Fig. 1a) is
partly due to stations tossed for being “below” the
model surface. The toss rates for the radiosonde
heights are also larger in the upper troposphere and
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100 1 \ 50 10_]
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500 1',50
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7004°0
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900 -
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90S 60S 30S EQ 30N 60N 90N
LATITUDE

PRESSURE LEVEL (hPa)

Fic. 2. Zonal mean difference of geopotential height anomalies
averaged over the entire period of the COLA reanalysis. Units are
meters, not uneven contour interval. (a) For the difference COLA—
ECMWEF. (b) For the difference COLA-NMC.

lower stratosphere. High toss rates for the oceanic
TOVSin Table 2 are due mainly to high toss rates over
the southern oceans in the austral winter, particularly
during the winter season of JJA (June—July—August)
1983, when toss rates were more than 40% over most
of the ocean south of 45°S.

b. Comparison of mean fields

Figure 2 presents the differences among the differ-
ent analyses in the mean geopotential height field for
the period of reanalysis: May 1982 through November
1983. Mean fields were computed on the same 2.5° by
2.5° grid for allanalyses. Grid points below the surface
of the COLA model are not included in the calculation
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of means. Results derived from the NMC and ECMWF
analyses are the products of the models and analyses
in operational use in 1982 and 1983.

The main feature in Fig. 2 (note irregular contour
intervals) is the large difference in the mean height
field over Antarctica. Seasonal mean differences are
larger for the austral winter and are larger for 1983
thenin 1982. Differences betweenthe COLA analyses
and the old analyses were much smaller and of
opposite sign to those in Fig. 2 in the austral summer
of 1982/1983. The toss rates of radiosonde heights
over Antarctica were very high in the austral winter, as
were the toss rates of oceanic TOVS soundings in the
surrounding ocean at the same time. We speculate
that these high toss rates were due in part to a drift of
the model’s first guess toward (erroneous) model
climatology in the austral winter. The large anomalies
at 1000 mb near 60°N are probably due to the treat-
ment of surface topography in the three different
analyses; most of the grid points at this latitude are
below the surface of the COLA model. Large differ-
ences in the Tropics at 100 mb in Fig. 2a and at 50 mb
in Fig. 2b reflect larger height values over oceans and
lower values over continents for the COLA analysis.

Zonal winds in the COLA reanalysis had a less
pronounced westerly component south of 30°S, when
compared with the ECMWF and NMC analyses (not
shown). Since the COLA analysis was multivariate in
geopotential height and wind, the differences in the
height analyses are reflected in the wind analyses.
Maximum differences occurred near 60°S, where the
vertical profile of the magnitude of the zonally aver-
aged zonal wind for the COLA analyses is about 3—4
m s~ lower throughout the troposphere, when com-
pared to the ECMWF and NMC analyses.

Figure 3 presents mean 1000 mb virtual tempera-
ture maps for COLA, NMC, and ECMWF analyses
over the tropical Pacific Ocean for the month of March
1983, along with the mean sea surface temperature
field for the same month. Virtual temperature was
computed from the geopotential height analyses us-
ing the identical algorithm for all three analyses. March
1983 was chosen as a month representative of the
ENSO event of 1982/1983. Positive anomalies of sea
surface temperature of 1°C or more extended east-
ward along the equator from 180° longitude almost to
the coast of South America. Monthly mean virtual
temperatures for the COLA (Fig. 3a) and ECMWF
(Fig. 3c) analyses reflect the pattern of the underlying
sea surface temperature field (Fig. 3d) fairly well. The
corresponding map for the NMC analyses (Fig. 3b)
seems to provide a poor representation of this ENSO
event. NMC seriously underestimated the SST anoma-
lies here duringthe ENSO event (Reynolds 1984), due
in part to a cold bias in satellite-derived sea surface
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temperatures resulting from the pres-

ence of stratospheric aerosols followin S _w d
th . p . , . o g 20N W) ZSW ﬁ-S}\u
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10N %8 25 24 // A
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- EQ 80 pas— " {
¢. Root-mean-square error statistics 10S 2 LY., 28 2
To measure the representativeness f,\/”\z Jiz8 \ @9_;:32-/\“\
of the COLA retrospective analysis in 2051 W
comparison to the observations, root- 35 . = 29— = %\
mean-square errors (rmse) were com- 120E 150€ 180 150W 120W 90w 6OW
puted between the analysis and the sta- 30N

tion upper-air soundings. The same sta-
tistics were computed for the contempo-
raneous NMC and ECMWF analyses, so
that comparisons could be made. To
produce useful statistics, it is necessary
to avoid bias in the selection of stations
used to compute the rmse. A bias could
arise if we were to use only those stations

20N
10N

that passed the OIQC program, since

these are the exact stations used in the 180 150w 120W oW 6ow

production of the COLA analyses. An- 30N -

other problem could arise if we included S e ——— VSN NV, ¢

observations with obvious, gross errors. 20N ZZW o

Most of these errors would probably have 4 -%\/k,_\‘\—'//\\//'—%—///j/ % e

been rejected by each of the three analy- VAN s 28 { é\\ 2

ses,andwouldartificiallyinflatethermse. &4 f{ﬂ ; \Z\QW ' 3&’
Stations were chosen using the fol- 105 {22 Y - C//:\VN g

lowing procedure. Radiosonde stations ks UW//’N\

were collected for each of the six sea- 205 \\&_M

sons JJA 1982—-SON (September—Octo- 30? s 1 SIOEH?O P 120w oW Sow

ber—November) 1983. Data were col-

lected for stations reporting at 0000 and 3y . :

1200 UTC only. Height and wind data M 2 d

were collected only on the 12 mandaiory 20N W L =

levels. The same radiation correction 10N {3, 27 ,_N\/__,JZB/(\ a,

used in the COLA retrospective analysis ., | % 29 N

was applied to the appropriate stations. ‘{/Sﬁﬁg\fgh\;/ C\D

Following Gandin (1988), a hydrostatic  10S T2, \\J_iz‘i/ws

consistency check was applied to all 203_/\ /U\ \/_m/"_/\zgm/f

soundings. Any sounding that had one or /EW/Z

more levels failing this check was dis- 30?205 150F 180 150W 120W 90W 6OW

carded. Next, all soundings were sub-
jected to a gross error check (DiMego et
al. 1985) for the quantities Zand u. Data
failing the gross error check were dis-
carded. Data were subjected to an addi-
tional check to remove observations sus-
pected of being in error and likely to have been tossed
by the quality control procedures present during the
production of the operational analyses. In this check,
each observation was compared to each of the three
analyses (COLA, NMC, ECMWF) and was discarded
if it departed from any of the three analyses by more
than 500 m for heights, and 50 m s~ for zonal winds.
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Fic. 3. (a) March 1983 monthly mean 1000-mb virtual temperature (°C) for the
COLA analysis. Computed from twice daily geopotential height analyses. (b) As in
Fig. 3a but for the NMC analysis. (c) As in Fig. 3a but for the ECMWF analysis. (d)
March 1983 monthly mean sea surface temperature (°C).

Stations with fewer than 60 soundings (40 soundings
between 20°S and 20°N) in an individual season were
discarded for that season. We refer to this dataset as
the “thinned radiosonde.”

The stations that passed the above checks may still
contain observation errors, systematic errors, and
errors due to nonrepresentativeness (see, for ex-
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ample, Gandin 1988). We assume that the observa-
tion errors will be random in time and space. We made
no investigation for systematic errors, although we did
not use the height profiles for stations in India in the
calculation of the rmse. The NMC and ECMWEF analy-
ses of 1982 and 1983 may have used many of these
stations. We consider the OIQC to be superior to the
methods used for quality control at the time of the
contemporaneous analyses. The nonrepresentative
errors present in the thinned radiosondes were more
likely to have been accepted in the contemporaneous
analyses and rejected by the OIQC in the COLA
analyses. We then consider these rmse to be biased
against the COLA analysis, except where the NMC
and ECMWF may have used the mass data in the
Indian radiosondes.

Root-mean-square error statistics were computed
between the thinned radiosondes and the analyses,
forZanduonthe mandatory levels, using all 0000 and
1200 UTC analyses. The value of the analysis at the
location of the station was computed by a linear
interpolation of the four surrounding analysis grid
points. There are no missing COLA or ECMWF analy-
ses. Root-mean-square error statistics for the NMC
analyses were computed from a smaller number of
analyses. For the period for which the rmse statistics
are computed, 172 out of a possible 1096 (15.7%) of
the NMC analyses are missing.

Tables 3 and 4 display the rmse statistics accumu-
lated over 30° latitude bands, for the geopotential
height and zonal wind analyses of COLA and ECMWF
for June 1982—-November 1983. Root-mean-square
errors for the NMC analyses are described but not
shown here. Large values of the rmse might suggest
some systematic errorinthe model/analysis system or
with the radiosonde data itself. Smaller differences in
the rmse computed for the different analyses are more
difficult to interpret, but we believe that when the data
are averaged over as large an area and for as long a
time period as we have done, lower values of rmse
should at least indicate that a good analysis has been
produced. Table 3 shows that the rmse south of 30°S
is significantly larger for the COLA analysis. A similar
table for the NMC—-COLA rmse difference would show
the same, except that the rmse for COLA is lower at
100 mb between the equator and 30°N. The large
rmse for the COLA analysis south of 60°S probably
reflects the large number of Antarctic radiosonde
stations tossed by the OIQC. Lower rmse for the NMC
and ECMWEF analyses probably indicate these analy-
ses accepted many of the observations rejected by the
COLA analysis. Root-mean-square errors will tend to
be higher at lower levels in the COLA analysis due to
the tossing of observations that are below the model
surface by the OIQC. Many of these observations
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were presumably keptin the NMC and ECMWF analy-
ses. Root-mean-square errors computed between the
station soundings and analysis geopotential heights
are smaller for the NMC analyses as compared with
the ECMWF analyses at some levels and some lati-
tude bands for latitude north of 60°S.

Zonal windrmse givenin Table 4 show COLA errors
to be lower than those for ECMWF almost everywhere
north of 60°S. The zonal wind rmse is particularly
lower in the Tropics at 500 mb and above. Root-mean-
square error differences for the zonal winds over
Antarctica are not as disproportionate as those for the
geopotential height. The toss rate of the wind sound-
ings was not large here, but the analysis is multivariate
for winds and heights; large differences in the treat-
ment of the height data should lead to differences in
the wind analysis. Root-mean-square errors for the
NMC zonal winds are generally larger than those of
COLA and ECMWF. COLA rmse are larger than those
for NMC south of 60°S, and ECMWF rmse are some-
what larger than NMC at midlevels in the Tropics.

d. General circulation

In this section we present two examples of striking
differences in the general circulation between our
reanalysis and the original ECMWF analyses for the
northern winter of 1982/1983, during which the warm
event was at its peak. The seasonal mean (Decem-
ber—February) vertically integrated moisture flux con-
vergence in the equatorial Pacific should reflect the
unusually dramatic eastward shift of precipitation that
was observed during this EI Nifio. The results from our
reanalysis (Fig. 4a) show maxima slightly south of the
equator at both 170°E (over 8 mm day-') and about
155°W (over 12 mm day~'). An estimate of precipita-
tion obtained from observed outgoing longwave radia-
tion (OLR) (Fig. 4c) shows a corresponding broad
maximum that connects these maxima, although the
OLR estimate is consistently higher. Precipitation is
derived from the OLR from the following empirical
relation based on 7 yr of data over a small region of the
equatorial Pacific: precipitation (mm day') = (25.4/30)
x [63.9—0.22x OLR (W m=3)] (P. Arkin 1985, personal
communication). The even stronger satellite-derived
microwave sounding unit estimate of precipitation (not
shown) shows maxima that are in similar positions to
those in Fig. 4a. Overall, the reanalyzed moisture flux
convergence has the correct signature but is weaker
than the satellite-derived precipitation by about a
factor of 2. The moisture flux convergence computed
from the NMC analyses (not shown) is very weak,
displaying isolated maxima of only 1 mm day™'. The
corresponding results from the ECMWF analyses
(Fig. 4b) show maxima that are also very weak in
comparison to the reanalysis. The weakness of the

Vol. 76, No. 5, May 1995



TasLE 3a. Root-mean-square error (rmse) computed between a thinned radiosonde dataset and COLA analyses, 0000 UTC 1 June 1982
through 1200 UTC 30 November 1983 (0000 and 1200 UTC analyses only), for geopotential heights. Units are meters.

Pressure rmse (m) rmse (m) rmse (m) rmse (m) rmse (m) rmse (m)
level (mb) 90°-60°S 60°-30°S 30°S-0° 0°-30°N 30°-60°N 60°-90°N
100 159.0 46.9 73.6 571 413 36.4
200 153.3 374 40.7 289 30.7 W 26,5 )
300 1511 36.8 27.3 20.2 241 223
500 149.5 29.8 16.1 135 14.1 13.8
700 156.2 245 ’11.7 11.6 10.0 96
850 172.5 24.8 1.7 13.6 12.5 9.1
1000 190.5 28.7 7 16.0 25.0 19.6 134 N

TasLe 3b. As in Table 3a but for the difference in rmse computed between radiosondes and ECMWF and COLA analyses. Negative
values indicate the rmse was lower for the ECMWF analyses. Units are meters.

Pressure rmse (m) rmse (m) rmse (m) rmse (m) rmse (m) rmse (m)
level (mb) 90°-60°S 60°-30°S 30°S-0° 0°-30°N 30°-60°N 60°-90°N
100 -113.1 3.0 -6.4 -2.9 8.7 8.4

200 1149 08 47 49 6.3 58
300 -118.3 -9.7 5.0 4.7 4.5 4.2
500 -127.8 ~13.0 3.5 3.9 3.2 28
700 -139.3 -11.2 1.8 2.4 25 2.2
850 ~157.2 ~12.1 0.7 0.2 1.1 1.8
1000 -173.3 -14.5 “,—1 .6 V -1.7 1.4 0.9
TasLe 3c. Number of radiosonde height observations (x1000) used in the computation of rmse in Tables 3a and 3b.
Pressure No. x 1000 No. x 1000 No. x 1000 No. x 1000 No. x 1000 No. x 1000
level (mb) 90°-60°S 60°-30°S 30°S-0° 0°-30°N 30°-60°N 60°-90°N
100 4.4 19.5 30.2 89.1 335.8 83.»6 )
200 48 20.3 32.2 94.2 352.5 86.8
300 49 20.8 33.0 971 361.9 88.4
500 5.0 21.3 ’ ;340 Vﬁé‘O 385.1 ”89,6; )
700 4.9 216 34.4 109.5 3775 90.1
850 4.8 21.8 338 109.8 3745 90.6
1000 4.7 214 27.4 98.7 355.0 90.6

signal in the ECMWF analyses is not due to the use of
climatological SSTs in the original analyses, for the
ECMWF analysis system started making use of cur-
rent SSTs during July of 1982 (Trenberth 1992), nor is
itdue to excessive near-surface dryness inthe ECMWF
analyses, for the 1000 mb mean tropical specific
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humidity is in fact greaterinthe ECMWF analyses than
in the new analyses (although the reverse is true at
850 mb) (not shown). Rather this difference is due to
far stronger mean divergent circulation in the reanaly-
ses, as witnessed by the much stronger mid-Pacific
divergence at 200 mb (not shown).
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TasLe 4a. Root-mean-square errors computed between a thinned radiosonde dataset and COLA analyses, 0000 UTC 1 June 1982
through 1200 UTC 30 November 1983 (0000 and 1200 UTC analyses only), for zonal wind. Units are m s-'.

rmse rmse rmse rmse rmse rmse
Pressure (ms™) (ms™) (ms™) (ms™) (ms) (ms™)
level (mb) 90°-60°S 60°-30°S 30°S-0° 0°-30°N 30°-60°N 60°-90°N
100

5.2

TasLe 4b. As in Table 4a but for the difference in rmse computed between rawinsondes and ECMWF and COLA analyses. Negative

values indicate the rmse was lower for the ECMWF analyses. Units are m ',

rmse rmse rmse rmse rmse rmse
Pressure (ms™) (ms™) (ms™) (ms) (ms™) (ms)
level (mb) 90°-60°S 60°-30°S 30°S-0° 0°-30°N 30°-60°N 60°-90°N
100 -2.1 0.4 1.5 1.3 0.5 0.2
L 200 7 07 as 15  he 02
. 500 14 02 A AR 8.
700 k -1.4 0.1 0.9 0.6 0.3 -0.1
80 18 e oGy ey
1000 -0.0 -0.3 0.5 0.3 0.2 -0.0
TasLe 4c. Number of rawinsondg observations (x1000) used in the computation of the rmse in Tables 4a and 4b.
Pressure No. x 1000 No. x 1000 No. x 1000 No. x 1000 No. x 1000 No. x 1000
level (mb) 90°-60°S 60°-30°S 30°S-0° 0°-30°N 30°-60°N 60°-90°N
100 4.8 22.0 41.8 92.8 316.4 78.6
200 . 57 289 534 1065  adoa 832
300 59 314 58.2 1155 WSS;Mg 85.7
500 81 w4 an e wrs
- 7h0(\) 57 347 - 75.9 166.2 ' 416.1 o 87.7ﬁ
| 850 ' 57 36.0 839 1796 - 403;5%“% 866
1000 0.1 5.8 121 61.0 ' 119-2“ 44.2

A measure of the overall strength of the divergent
component of the transient circulation is afforded by
the (vertically integrated) divergent transient kinetic
energy. To determine the scale dependence of this
quantity, we have calculated it as a function of two-
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dimensional wavenumber n (as in Straus and Huntley
1994), and the results are shown (along with the
rotational component) in Fig. 5. While the high
wavenumber (n greater than 30) differences in the
divergentkinetic energy can be ascribed to discrepan-
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cies in the resolution of the original datasets,' the very
substantial difference in the peak centered at global
wavenumber 8 indicates a real difference in the large-
scale flow. The rotational components show little
difference.

5. Summary

To assess the feasibility of retrospectively analyz-
ing the available atmospheric observations from a
past period, we have used an optimum interpolation
objective analysis scheme, a complex quality control
algorithm, and a state-of-the-art atmospheric general
circulation model in order to reproduce the global
gridded atmospheric analysis for the period May 1982
through November 1983. We have obtained all the
necessary data from NCAR and from NCDC for both
the atmospheric observations input streams and for
the global boundary conditions. These input data
included observations that were not available in real
time as a result of operational forecasting time con-
straints. We have cycled the data assimilation and
model integration codes so as to produce a global
analysis every 6 h for the target period. The identical
procedure was employed throughout the record in
orderto minimize inhomogeneities in the analysis that
results from changes in quality control algorithm,
optimum interpolation scheme, or first guess model
integration. We have analyzed the quality control
statistics of the input data streams, and we have
compared the resulting retrospective analyses with
the contemporaneous analyses available for that
time.

We have determined that it is possible to conduct
retrospective analysis of atmospheric observations,
and that such a reanalysis provides a highly valuable
dataset for evaluation of the global circulation. Assem-
bling the datasets requires painstaking attention to
detail, as does the evaluation of the quality control
procedures. There were times when the reanalysis
was run with missing data (see Table 1), when we
know that data (for instance, radiosonde heights) is
always available. Although the data was not present in
the archive that we used, a search could probably

'Our reanalyses were available (on pressure surfaces) in spectral
coefficients, with the truncation of R40. In contrast, the ECMWF
(twice-daily) analyses used were those available at NCAR on a 144
x 73 (2.5° long x 2.5° lat) grid. To make these datasets more
comparable, we interpolated the ECMWF analyses onto a 96 x 80
Gaussian grid (3.75° long x ~2° lat), which is the grid appropriate for
an R30 truncation. For the calculation of the divergences shown in
Fig. 4, the reanalyzed coefficients were truncated to R30 before
transforming to the 96 x 80 Gaussian grid. Figure 5 required
transforming the ECMWF analyses into R30 spectral form.
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mm/day

Fia. 4. Vertically integrated moisture flux convergence (a) and (b)
compared with precipitation (c) forthe season of December—February
1982/83 over the Pacific basin. (a) From the COLA reanalysis,
contour interval of 4 mm day'. (b) From the ECMWF analyses,
contourinterval of 4 mmday'. (c) From outgoing longwave radiation
data, contour interval of 4 mm day". In all cases, the zero contour
has been omitted.

have located the missing observations. Time did not
allow us to make this search. Future reanalysis efforts
could benefit from a complete data archive. Perhaps
a common reanalysis database could be developed
and maintained by use of all parties interested in
performing reanalyses.

We feel that our reanalysis would not have been
possible without the use of a flexible, interactive graph-
ics display program. We used GrADS, which was
developed here at COLA. Bad data are easy to identify
using the reanalyses, the observations, and GrADS.
The OIQC will remove many of these data, but per-
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Fiec. 5. Vertically integrated rotational and divergent kinetic
energy as a function of global wavenumber n for the winter season
of December—-February 1982/83. The solid line is from the COLA
reanalysis, the dashed line from ECMWF analyses. The rotational
kinetic energy is in units of 10° J m-2, while the divergent kinetic
energy is in units of 103 J m2.

haps computational resources are now sufficient to
consider removing or correcting some of these data a
priori. In their reanalysis, NMC will use a system
devised by Collins and Gandin (1990) to correct gross
errors in radiosonde observations. Since reanalysis of
multiple years of observations is a serial process that
requires faster than real-time processing, automatic
and manual procedures for confirming the quality of
the large volume of observations and resulting analy-
ses must be used.

We have found that our analysis was highly sensi-
tive to the first guess model systematic error in regions
where few radiosondes are available, notably south of
60°S. This was a particularly acute problem in the
austral winter in the vicinity of Antarctica where the
vast expanse of the Southern Ocean with its dearth of
observing stations contrasts with the coastal region
where several radiosonde stations were reporting.
The drift toward (erroneous) model climatology over
the oceanic areas during the austral winter was so
large, that the coastal radiosondes were, more often
than not, tossed in favor of the first guess. It is
important that future reanalysis efforts consider that
the various components in a model/analysis system
may interact differently in different seasons, in a
manner that might lead to systematic error.

Our comparison with the contemporaneous analy-
sis shows that there are serious deficiencies in the
older analyses, particularly in the divergent part of the
circulation. The transient part of the divergent circula-
tion is underestimated in the older analysis by at least
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a factor of 2 in tropical latitudes. Trenberth and Olson
(1988a) point out that the divergent wind in the Tropics
is related to intense diabatic heating from tropical
convection over large areas, and that the representa-
tion of the divergent wind in the analysis will depend
upon the NNMI. The use of a diabatic NNMIl along with
a GCM possessing advanced formulations of atmo-
spheric radiation and moisture led to a greatly im-
proved representation of the divergent circulation in
the COLA reanalysis.

In the region of the strong El Nifio event in the
tropical Pacific, the 1000 mb virtual temperature re-
analysis differs from the contemporaneous NMC analy-
sis by as much as 4° in the monthly mean. The pattern
of vertically integrated moisture flux convergence over
the tropical Pacific Ocean was significantly closer to
the pattern of rainfall (as suggested by OLR data) for
the COLA reanalysis than in the ECMWF operational
analysis, in spite of the fact that the latter employed the
correct boundary conditions. The obvious implication
is that analysis of ENSO events and other near-
surface phenomena are substantially improved by the
inclusion of the appropriate boundary conditions in
combination with a state-of-the-art atmospheric gen-
eral circulation model.

In the COLA reanalysis, we encountered a spinup
problem running the COLA GCM for 6-h forecasts.
Rainfall over land in tropical regions was too low,
which in turn caused the soil moisture to become too
dry. Future reanalysis efforts might consider whether
additional observed surface conditions couid be used
to improve representation of the atmospheric circula-
tion.

The serious discrepancies in our reanalysis in the
extreme southern latitudes indicate that reanalysis
should be undertaken in series. That is, a single
retrospective analysis is inadequate and reanalysis
should be contemplated as a sequence of such global
analyses. Systematic errors that may arise from the
interaction of the various components of the reanaly-
sis system can be identified and remedied in a future
reanalysis. Although we have only performed a single
reanalysis, further reanalyses can be improved by
making use of the quality control statistics from our
reanalysis to determine which observations might be
suitable for post facto correction, and by helping to
identify those stations that might be affected by sys-
tematic error.
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Appendix: Data products of the COLA Instantaneous fields (18 sigma levels)

reanalysis Divergence (s7)
Vorticity (s™)
Specific humidity
All data are available four times per day, for the Virtual temperature (K)
period 0000 UTC 1 May 1982 through 1800 UTC 30 ,
November 1983. The mandatory pressure levels are 6-h mean fields (surface)
1000, 850, 700, 500, 400, 300, 250, 200, 150, 100, 70, Surface temperature (K)
and 50 mb. Sigma levels for the COLA model are .995, Surface pressure (cb)
981, .960, .920, .856, .777, .688, .594, .497, .425, Sensible heat flux from surface (W m™)
375, .325, .275, .225, .175, .124, .074, and .021. Latent heat flux from surface (W m=)

Surface zonal wind stress (Pa)
Surface meridional wind stress (Pa)
Analysis fields (on 12 mandatory pressure levels;

uninitialized): 6-h mean fields (18 sigma levels)
Divergence (s™)
Geopotential height (m) Vorticity (s™)
Zonal wind (m s7') Specific humidity
Meridional wind (m s™') Virtual temperature (K)
Relative humidity (%) (first six levels only) Vertical velocity (mb day™)

Virtual temperature (K)
6-h accumulated moisture fields

Observations (all data streams): Total precipitation (mm day)
Convective precipitation (mm day)
Observations rejected by OIQC Runoff (mm day')
Forecast increments (observation—first guess) for Precipitable water (mm)
all observations accepted by OIQC Vertically integrated moisture flux convergence
' (kgm=sT)
Analysis error standard deviations (on 12 manda-
tory pressure levels): 6-h mean radiation fields (one level) (in W n?)
Outgoing longwave at top
Geopotential height (m) Shortwave absorbed at ground
Relative humidity (%) (first six levels only) Net longwave at bottom
_ Downward longwave at bottom (clear)
First guess (on mandatory pressure levels; 6-h fore- Outgoing longwave at top (clear)
cast): Downward shortwave at ground (clear)
Upward shortwave at ground (clear)
Geopotential height (m) Upward shortwave at top (clear)
Zonal wind (m s7") Shortwave absorbed by earth/atmosphere (clear)
Meridional wind (m s™) Shortwave absorbed at ground (clear)
Relative humidity (%) Net longwave at bottom (clear)

Virtual temperature (K)
6-h mean radiation fields (18 sigma levels) (inKs™')

Forecast model output (6-h forecast): Vertical diffusion heating
Radiative heating
Instantaneous fields (surface) Nonradiative heating

In surface pressure (cb)
Roughness length (m)

Surface temperature (K) References

Deep soil temperature (K)

Moisture storage on canopy (m) Bengtsson, L., and J. Shukla, 1988: Integration of space and in situ
Moisture storage on ground (m) observations to study climate change. Bull. Amer. Meteor. Soc.,

. R 69, 1130-1143.
SOI_I wetness of surface (fractlor_m) Burridge, D., 1994: Activities of the CAS/JSC working group on
Soil wetness of root zone (fraction) - numerical experimentation. Research activities in atmospheric
Soil wetness of drainage zone (fraction) and oceanic modelling, WMO/TD-No. 592, iii—ix. [Available from
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