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ABSTRACT

The NCEP and NCAR are cooperating in a project (denoted “reanalysis™) to produce a 40-year record of global
analyses of atmospheric ficlds in support of the needs of the research and climate monitoring communities. This effort
involves the recovery of land surface, ship, rawinsonde, pibal, aircraft, satellite, and other data; quality controlling and
assimilating these data with a data assimilation system that is kept unchanged over the reanalysis period 1957-96. This
eliminates perceived climate jumps associated with changes in the data assimilation system.

The NCEP/NCAR 40-yr reanalysis uses a frozen state-of-the-art global data assimilation system and a database as
complete as possible. The data assimilation and the model used are identical to the global system implemented opera-
tionally at the NCEP on 11 January 1995, except that the horizontal resolution is T62 (about 210 km). The database has
been enhanced with many sources of observations not available in real time for operations, provided by different coun-
tries and organizations. The system has been designed with advanced quality control and monitoring components, and
can produce 1 mon of reanalysis per day on a Cray YMP/8 supercomputer. Different types of output archives are being
created to satisfy different user needs, including a “quick look” CD-ROM (one per year) with six tropospheric and
stratospheric fields available twice daily, as well as surface, top-of-the-atmosphere, and isentropic fields. Reanalysis
information and selected output is also available on-line via the Internet (http//:nic.fb4.noaa.gov:8000). A special CD-
ROM, containing 13 years of selected observed, daily, monthly, and climatological data from the NCEP/NCAR Re-
analysis, is included with this issue. Output variables are classified into four classes, depending on the degree to which
they are influenced by the observations and/or the model. For example, “C” variables (such as precipitation and surface
fluxes) are completely determined by the model during the data assimilation and should be used with caution. Never-
theless, a comparison of these variables with observations and with several climatologies shows that they generally
contain considerable useful information. Eight-day forecasts, produced every 5 days, should be useful for predictabil-
ity studies and for monitoring the quality of the observing systems.

The 40 years of reanalysis (1957-96) should be completed in early 1997. A continuation into the future through an
identical Climate Data Assimilation System will allow researchers to reliably compare recent anomalies with those in
earlier decades. Since changes in the observing systems will inevitably produce perceived changes in the climate, par-
allel reanalyses (at least 1 year long) will be generated for the periods immediately after the introduction of new ob-
serving systems, such as new types of satellite data.

NCEP plans currently call for an updated reanalysis using a state-of-the-art system every five years or so. The suc-
cessive reanalyses will be greatly facilitated by the generation of the comprehensive database in the present reanalysis.
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1. Introduction

The National Centers for Environmental Prediction
[NCEP, formerly known as the National Meteorologi-
cal Center (NMC)]/National Center for Atmospheric
Research (NCAR)! Reanalysis Project began in 1991
as an outgrowth of the NMC Climate Data Assimila-

'A list of acronyms used in this paper is included in appendix D.

437



tion System (CDAS) project. The motivation for the
CDAS project was the apparent “climate changes” that
resulted from many changes introduced in the NMC
operational Global Data Assimilation System (GDAS)
over the last decade in order to improve the forecasts.
These jumps in the perceived climate parameters ob-
scure, to some extent, the signal of true short-term
climate changes or interannual climate variability. An
obvious example is presented in Fig. 1, which shows
large jumps in the analyzed virtual temperature at
1000 hPa in the Pacific Ocean when the model was
changed. The impact of system changes on other pa-
rameters, such as estimated precipitation and its dis-
tribution, is more subtle and therefore harder to
separate from the true climate anomaly signals.

The basic idea of the reanalysis project is to use a
frozen state-of-the-art analysis/forecast system and
perform data assimilation using past data, from 1957
to the present (reanalysis). Moreover, the same fro-
zen analysis/forecast system will be used to continue
to perform data assimilation into the future (CDAS)
so that climate researchers can assess whether current
climate anomalies are significant when compared to
a long reanalysis without changes in the data assimi-
lation system. In addition, there will be a one-way
coupled ocean reanalysis, in which the surface fluxes
from the atmospheric model will be used for the ocean
data assimilation. The NCEP/NCAR 40-year reanaly-
sis should be a research quality dataset suitable for
many uses, including weather and short-term climate
research.

The project development has been supported by the
National Oceanic and Atmospheric Administration’s
(NOAA) Office of Global Programs. An advisory
panel chaired by J. Nogués-Paegle guided it through-
out the developmental period (1989-93). After the
execution phase started in 1994, the advisory panel
was replaced by a users’ advisory committee, chaired
by A. Oort. The reanalysis system was designed at
NCEP, with the participation of over 25 scientists
from NCEP’s Environmental Modeling Center, Cli-
mate Prediction Center (CPC), the Coupled Model
Project, and Central Operations. Scientists at NCAR
performed most of the data collection and obtained
many special datasets from international sources that
were not available operationally through the Global
Telecommunications System (GTS). E. Kung (Uni-
versity of Missouri) acquired early data from China.
We also had the collaboration of NOAA/National En-
vironmental Satellite, Data and Information System
(NESDIS), who provided the TIROS (Television In-
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FiG. 1. Trace of the 1000-hPa virtual temperature averaged for
the tropical Pacific ocean in the NCEP operational Global Data
Assimilation System (solid line), showing the impact of changes
in the model and in the reanalysis (dotted line).

frared Observation Satellite) Operational Vertical
Sounder (TOVS) data; the Geophysical Fluid Dynam-
ics Laboratory (GFDL) for the ocean reanalysis; the
United Kingdom Meteorological Office (UKMO),
who will supply their global ice and SST reanalyses
(GISST) for the earlier periods; the Japanese Meteo-
rological Agency (JMA), who provided cloud-track
winds and special rawinsonde data not available on
GTS; and the European Centre for Medium-Range
Weather Forecasts (ECMWF), who filled some data
gaps and provided a sea ice database. The National
Aeronautics and Space Administration/Goddard
Laboratory for Atmospheres (NASA/GLA) has pro-
vided retrievals missing from the NCEP archives and
offered to perform TOVS retrievals for several months
of missing data in 1986. The NOAA/Environmental
Research Laboratory (ERL)/Climate Diagnostic Cen-
ter has provided funding for archival and tape han-
dling development and support.

The early design of the project was discussed in an
NMC/NCAR reanalysis workshop that took place at
NMC in April 1991 (Kalnay and Jenne 1991). The
workshop had the participation of representatives of
all the groups planning to perform reanalyses at that
time [Center for Ocean—Land—Atmosphere Interac-
tions (COLA), ECMWF, and NASA/GLA], as well
as of the major types of users (e.g., for short- and long-
term dynamics and diagnostics, transport of trace
gases, climate change, predictability, angular momen-
tum and length of day, coupled models, etc.). The
near-final design was reviewed in October 1993 by
the advisory committee, who suggested several addi-
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tional tests and modifications before the start of the
operational phase (started in May 1994). Representa-
tives of the major agencies interested in the project
[NOAA, National Science Foundation (NSF), NASA,
Department of Energy (DOE)] and of the other groups
performing reanalyses also participated in the review
of the NCEP/NCAR project. The other plans pre-
sented in the October 1993 review were those of
ECMWEF, which is performing a 15-yr reanalysis for
1979-94; NASA/GLA (Schubert et al. 1993), which
performed a reanalysis for 1985-90, the U.S. Navy
(1985 to the present); and COLA, which performed
an 18-mon reanalysis for the 1982/83 El Nifio. Such
multiple reanalysis projects offer a great opportunity
for cooperation and intercomparison, which should
enhance each of the projects. In particular, the NCEP
has benefitted from the COLA project through the
transfer of the Gridded Analysis and Display System
(GrADS), which has greatly enhanced the NCEP’s
developmental graphical display system, and from the
close interaction with NASA and ECMWEF scientists
performing a similar reanalysis.

The purpose of this paper is to update the documen-
tation of the NCEP/NCAR system design, output, and
plans for distribution. The basic characteristics of the
system are summarized in section 2, and the data to
be used in section 3. The three modules of the reanaly-
sis system (data quality control preprocessor, analy-
sis module with automatic monitoring system, and
output module) are described in sections 4, S, and 6,
respectively. The CDAS, which uses the same frozen
system but continues the analysis into the future, is
discussed in section 7. Section 8 summarizes the cou-
pling with the ocean reanalysis. Section 9 contains an
assessment of the reliability of the reanalysis output
and the impact of changes in the observing system.
Section 10 summarizes the project. More detailed
documentation is available from the NCEP (Kalnay
et al. 1993).

2.0verview of the NCEP/NCAR
reanalysis system and execution plan

The NCEP/NCAR Reanalysis Project has two
unique characteristics: the length of the period cov-
ered and the assembly of a very comprehensive ob-
servational database. The reanalysis will cover the
40-year period 1957-96 and will continue into the fu-
ture with the CDAS. The observations will be saved
in the World Meteorological Organization’s (WMO)
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binary universal format representation (BUFR), with
additional information, such as the first-guess and
quality control decisions, incorporated into the report.
We are also considering the feasibility of extending
the reanalysis back to 1946, when the Northern Hemi-
sphere (NH) upper-air network was established, as
suggested by several researchers. The length of the
reanalysis, and the desire to carry it out as quickly as
possible to increase its usefulness, led us to design a
system able to perform one month of reanalysis per
day. Such a fast pace of execution required the devel-
opment of a reanalysis system much more robust and
automated than the analysis-forecast systems used for
operational numerical weather prediction. As aresult,
the NCEP/NCAR reanalysis system has many novel
features not yet present in operational or research
numerical weather forecasting systems.

As shown in Fig. 2, the NCEP/NCAR reanalysis
system has three major modules: data decoder and
quality control (QC) preprocessor, data assimilation
module with an automatic monitoring system, and
archive module. The central module is the data assimi-
lation, which has the following characteristics:

* T62 model (equivalent to a horizontal resolution of
about 210 km) with 28 vertical levels. The model
is identical to the NCEP global operational model
implemented on 10 January 1995, except for
the horizontal resolution, which is T126 (105 km)
for the operational model (Kanamitsu 1989;
Kanamitsu et al. 1991).

» Spectral statistical interpolation (SSI, or 3D varia-
tional) analysis, with no need for nonlinear normal-
mode initialization (Parrish and Derber 1992;
Derber et al. 1991); improved error statistics; and
the balance constraint on the time derivative of the
divergence equation implemented at NCEP in
January 1995 are also included (Derber et al. 1994).

* Complex QC of rawinsonde data, including time
interpolation checks, with confidence corrections
of heights and temperatures (Collins and Gandin
1990, 1992); Optimal interpolation (OI)-based
complex QC of all other data (Woollen 1991;
Woollen et al. 1994).

* Optimal averaging of several parameters over a
number of areas, providing more accurate averages
and estimates of the error of the average (Gandin
1993).

* Optimal interpolation SST reanalysis (Reynolds
and Smith 1994) starting from 1982 and UKMO
GISST for earlier periods.
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FiG. 2. Schematic of the main components of the NCEP/NCAR reanalysis system
and their state of readiness on January 1995. “Underway” means that the component
is working but it still being improved. (“NMC” has changed to “NCEP.”)

quality control preprocessor and an
analysis output QC monitoring mod-
ule (Fig. 2): The data input is prepro-
cessed, and all the analysis output
fields are monitored with a “complex
QC” monitoring system, in which the
statistics of the data, time tendencies,
etc. are compared to climatological
statistics in order to detect errors.
These statistics include tendency
checks. (These monitoring systems
will also be implemented operation-
ally, and their development consti-
tutes a major spin-off from this project
for NCEP.) |

It was decided early in the project
that one type of output could not sat-
isfy the needs of the many different
types of users. For this reason the out-
put module allows for several differ-
ent archives:

¢ Level-2 observational data in
'BUFR, including QC, climatologi-
cal, analysis, and 6-h forecast in-
formation.

¢ Comprehensive analysis, first-
guess, and diagnostic fields pre-
sented in “synoptic” form (all
fields every 6 h) in the model sigma
coordinates, as well as in pressure
and isentropic coordinates, in
gridded binary (GRIB) format. A
restart file is included once a month
to allow for rerunning shorter pe-
riods with enhanced diagnostics.

* One-way coupled ocean model 4D assimilation for ¢ A time series archive in which each field is avail-

1982 onward (Ji et al. 1994).
e The same CDAS will be used into the future, from
January 1995 onward.

To support a rate of reanalysis of about one month
per day, it is necessary to ensure that the data input is
generally free of major data problems such as wrong
dates, wrong locations, garbled information, etc., for
both conventional and remotely sensed data. This is
particularly important for old data, which have not

.been previously used at NCEP. Similarly, the rate of
one month of reanalysis per day does not allow for
the detailed human scrutiny that operational output
normally receives. For this reason, we created a data
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able for all times, including standard pressure level
fields, precipitation, surface fluxes, and other
widely used diagnostic fields. This format will be
the most useful for many users.

A “quick look™ archive on CD-ROM, one per year,
including the most widely used fields: daily values
of variables at selected tropospheric and strato-
spheric pressure levels, surface and top-of-the-at-
mosphere fluxes, precipitation, monthly and zonal
averages of most fields, covariances, isentropic
level variables, etc. A special CD-ROM, contain-
ing 13 years of selected observed, daily, monthly,
and climatological data from the NCEP/NCAR Re-
analysis, is included with this issue (appendix E).
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* Eight-day forecasts performed every 5 days, which
should allow predictability studies and estimates of
the impact of inhomogeneities in the observing
systems coverage, with anomaly correlation scores.

* A subset of the output is posted on the NCEP pub-
lic server and is available through anonymous FTP.

* NCAR, National Climate Data Center (NCDC),
and CPC will distribute the bulk of the reanalysis data.

* Reanalysis information and selected output is
also available on-line via the Internet (http//
:nic.fb4.noaa.gov:8000).

An important question that has repeatedly arisen is
how to handle the inevitable changes in the observ-
ing system, especially the availability of new satel-
lite data, which will undoubtedly have an impact on
the perceived climate of the reanalysis. Basically, the
choices are (a) to select a subset of the observations
that remains stable throughout the 40-yr period of the
reanalysis or (b) to use all the available data at a given
time. Choice (a) would lead to a reanalysis that has
the most stable climate, and choice (b) to an analysis
that is as accurate as possible throughout the 40 years.
With the guidance of the advisory panel, we have
chosen (b), that is, to make use of the most data avail-
able at any time. However, in order to assess the im-
pact of the introduction of new observing systems on
the perceived climate of the reanalysis, we have de-
cided to produce a parallel reanalysis, at least 1 year
long, without using a large new observing system.
This will allow the users to assess the extent to which
the new observing system influences the perceived
climate and the annual cycle.

The execution phase started in May 1994 on the
Cray YMP 8 supercomputer provided by the NCEP
for this project. About 24 h of the CRAY YMP (2-7
processors) are needed in order to perform one month
of reanalysis and forecasts per day. By September
1995, 13 years (1982-94) should be completed (in
addition to several years of reruns performed to as-
sess the impact of changes in observing systems, to
correct problems discovered in the database, etc.).
Next, the period 1979-82 will be reanalyzed and com-
pleted around the end of 1995, followed by the
1957-78 decades. We expect to complete the 40 years
of reanalysis (1957-96) by early 1997. The extension
into 1948-57, if feasible, would be done during 1997.

This first phase of reanalysis will be followed by a
second phase in which a 1998 state-of-the-art system
will be used for a second reanalysis. NCEP plans cur-
rently call for an updated reanalysis every 5 years or
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so. The successive reanalyses will be made easier by
the availability of the comprehensive database in
BUFR generated by the present reanalysis.

3. The preparation of data for reanalysis

The data collection is a major task that has been
performed mostly at NCAR. Surface and upper-air
observations are being prepared for the reanalysis. The
plan is to use the data available for the original op-
erational NCEP analyses (available from March 1962
on) and to add other datasets to capture the older data
from about 1948 on. Additional data inputs for 1962
on will provide much more data than was first avail-
able operationally and will be merged and formatted
in BUFR at NCEP. The component datasets are listed
below. For further details consult Kalnay et al. (1993)
and the extended texts provided by NCAR (see list of
texts below).

a. Global rawinsonde data

NCAR has tapes of the NCEP GTS data with up-
per-air observations from March 1962 on, which will
be the main data source for reanalysis. We plan to
provide both the GTS data (which also has pibals and
aircraft) and also raobs from national archives in vari-
ous countries. NCAR has raobs received directly from
some countries such as South Africa, Australia,
Canada, Argentina, Brazil, the United Kingdom,
France, and from the United States (NCDC). The U.S.
Air Force (USAF) prepared a global collection of data
(TD354) that is mostly for the period 1948—70, which
will be included. GFDL is helping with processing and
checking this set, which will all be ready for the first
reanalysis. The University of Missouri (E. Kung) is
collaborating with some of the checking between dif-
ferent sources of the same data and has the obtained
daily upper-air data of 30 stations over China from
the Chinese State Meteorological Administration for
the period of 1954-62. Under the United States—Rus-
sia bilateral exchange effort led by R. Jenne (NCAR)
and S. Shumbera (NCDC), the United States has re-
ceived 20 magnetic tapes with upper-air data from 57
USSR stations for 1961-78. The Japanese Meteoro-
logical Agency has provided NCEP with additional
data not available over GTS.

During the reanalysis, it was found that the count
of significant level winds was low from August 1989
to September 1991 in the NCEP tapes but not over the
United States and China. ECMWF supplied their data
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