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ABSTRACT

The humidity dataretrieved from the TIROS Operational Vertical Sounder (TOV S) measurementsisassimilated
into the Goddard Earth Observing System (GEOS) data assimilation system. The study focuses on the impact
of the TOVS humidity on assimilated humidity, precipitation, clouds, and radiation. The GEOS assimilation
system utilizes the TOV'S humidity effectively at levels below 300 mb, while the net impact on the 300-mb
humidity is much less. It has been demonstrated that the impact results from direct and indirect effects. The
direct effect is the analysis increment introduced by the humidity data, which draws the assimilated humidity
toward the data. The indirect effect is realized through the interactions of humidity with physical processes,
mainly with moist convection. The indirect effect is often opposite to the direct effect in the current assimilation
system. The direct effect is dominant in the lower and middle troposphere while in the upper troposphere the
indirect effect is more important. The impact of the TOV'S humidity on the GEOS precipitation, clouds, and
radiation is also significant due to strong interactions with convection and other physical processes. There is
clear evidence indicating that tuning of physical parameterizations explicitly in the data assimilation mode is
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necessary for optimal use of the TOVS data in the assimilation system.

1. Introduction

Water vapor feedback is an important issue for the
understanding of climate change. The climate sensitivity
parameter, defined by Cess et al. (1990) as the ratio of
global-mean surface temperature change to direct ra-
diativeforcing, is greatly enhanced by water vapor feed-
back. Cess et al. (1990) have shown that water vapor
feedback enhances by 70% the clear-sky climate sen-
sitivity in 19 general circulation models (GCMs). Al-
though there is a consensus on the positive impact of
water vapor feedback, it is difficult to quantitatively
verify the water vapor feedback simulated by GCMs
due to the lack of reliable observations of water vapor,
especialy in the upper troposphere (Starr and Melfi
1991).

Sun and Held (1996) have compared humidity—tem-
perature relationships in the Tropics from rawinsonde
data and a GCM simulation. They found that the link
between humidity and temperatureissignificantly stron-
ger in the GCM simulation than in rawinsonde obser-
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vations. It is not clear, however, how much of this dis-
crepancy is due to errors in the model, because there
are large uncertainties in rawinsonde data (Elliot and
Gaffen 1991; Starr and Melfi 1991). There are several
factors contributing to uncertainties in rawinsonde data.
First, inadequate horizontal coverage and resolution, es-
pecially over the vast oceanic regions, is a major prob-
lem since water vapor changes rapidly in space. Second,
uncertain data quality arises from significant environ-
ment-dependent sensor errors and variations in sensor
types and reporting practices. The third factor is inad-
equate vertical resolution in the middle troposphere and
very few data in the upper troposphere.

Limitations and uncertainties in rawinsonde humidity
observations seriously undermine the quality of humid-
ity fields from recent reanalyses with global data assim-
ilation systems (e.g., Schubert et al. 1993; Kalnay et al.
1996) that use rawinsonde measurements as the only
data source for humidity analysis. Recent progress in
estimation of water vapor from satellite measurements
(e.g., Schmetz and Turpeinen 1988; Rind et al. 1993;
Read et al. 1995; Susskind et al. 1997) has provided
new opportunities for better representation of humidity
in a data assimilation system (DAS) (e.g., McNally and
Vesperini 1996). There are two basic approaches to as-
similating satellite humidity information into a DAS.
The first approach is to assimilate humidity data re-
trieved from radiances measured by satellite instru-
ments. Humidity retrieval may be done by a satellite
data producer independent of the DAS. Since humidity
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is a model prognostic variable, it is straightforward to
assimilate satellite-retrieved humidity data. The second
approach is to assimilate radiance measurements di-
rectly into a DAS. This approach requires an observa-
tion operator built into the DAS to transform model
variables into radiances. Direct radiance assimilation is
theoretically superior to retrieval assimilation because
necessary assumptions made for observational error sta-
tistics are more justified in radiance assimilation than
in retrieval assimilation (Eyre et al. 1993). For future
high-spectral resolution instruments with large number
of channels, Joiner and da Silva (1998) have proposed
efficient alternative methods.

In this study we assimilate humidity information from
the TIROS Operational Vertical Sounder (TOVYS) into
the Goddard Earth Observing System (GEOS) data as-
similation system. We will focus on the impact of the
TOVS humidity data on assimilated humidity and the
impact on precipitation, clouds, and radiation, which are
closely related to humidity or interact strongly with hu-
midity. As a first step, we use the first approach dis-
cussed above to assimilate TOV'S humidity; that is, we
assimilate the retrieved humidity.

Sections 2 and 3 give brief descriptions of the TOVS
humidity dataand the GEOS DAS, respectively. Section
4 describes the impact on the GEOS humidity fields.
Section 5 shows the impact on precipitation, clouds, and
radiation. Discussion and conclusions are given in sec-
tion 6.

2. TOVS humidity

The TOVS humidity data assimilated in the present
study is from the TOV S pathfinder path A dataset (Sus-
skind et a. 1997). The TOV S humidity isretrieved from
radiance measured by the second version of the High-
Resolution Infrared Radiation Sounder (HIRS-2) on the
National Oceanic and Atmospheric Administration
(NOAA) polar-orhiting satellites (Smith et al. 1979).
The retrieval methodology used is similar to that de-
scribed in Reuter et al. (1988) and Susskind et al. (1984).

The retrieval system uses the first guess of temper-
ature and humidity profiles produced by thefirst version
of the GEOS DAS (GEOS-1; Takacs et al. 1994,
Pfaendtner et al. 1995) at the resolution of 4° lat X 5°
long. The humidity retrieval is performed subsequent
to the temperature retrieval and only when the temper-
ature retrieval succeeds. The humidity retrieval usesra-
diances of HIRS-2 channels 8 and 10-12. Channel 10
is sensitive to water vapor in the lower troposphere
while channels 11 and 12 are sensitive to water vapor
in the middle and upper troposphere (Smith et al. 1979;
McNally and Vesperini 1996). After the retrieved hu-
midity profiles are generated, a systematic error correc-
tion methodology is used to modify the retrieved hu-
midity profiles. The systematic error correction utilizes
collocated radiosonde reports. The correction has in-

JOURNAL OF CLIMATE

VOLUME 12

direct effects in regions with no radiosonde reports be-
sides direct effects in regions with radiosonde reports.

Retrieved specific humidity is available at six pres-
sure levels (1000, 850, 700, 500, 400, and 300 mb).
Susskind et a. (1997) have shown that the TOV'S total
precipitable water (TPW) from NOAA-11 for December
1989 agrees well with the independent TPW estimated
from the Special Sensor Microwave/lmager (SSM/I;
Wentz 1994). The difference between the two estima-
tions, globally averaged over the oceans, is 0.24 kg m—2
with adry bias of the TOVS TPW relative to the SSM/I
TPW. The mean value of the SSM/I TPW is 27.5 kg
m-2. The dry bias of the TOVS TPW is, at least partly,
related to the fact that the TOVS retrieval is not valid
for overcast or precipitating regions. Additional com-
parison of TPW from TOVS and SSM/I is given in
section 4.

The instantaneous TOV S humidity is used in the pre-
sent assimilation experiment. Due to high volume of the
input data, a thinning method is used to reduce the data
volume. The instantaneous TOV S humidity datais spa-
tially averaged for each grid box with the GEOS DAS
resolution of 2° lat X 2.5° long before it is read in by
the assimilation system. For a typical day, the number
of grid boxes with valid TOVS humidity is about 20
times larger than that of rawinsonde humidity obser-
vations. The assimilation system does quality controls
(both a background check and a buddy check) on the
TOV S humidity data. Generally, about 2% of the TOVS
data is rejected by quality controls.

3. Assimilation system and experiments

The GEOS data assimilation system is being devel-
oped to support NASA's Earth Observing System (EOS)
and to provide the research community with reanalysis
data with new data types incorporated, especially those
observed from EOS. The first frozen version of the
GEOS DAS, GEOS-1, has been used for the NASA
multiyear reanalysis (Schubert et al. 1993). The system
used in the present study is a current version of the
second generation GEOS system (GEOS-2). GEOS-2
has been developed based on GEOS-1 with a special
effort to address problems and shortcomings discovered
in the GEOS-1 reanalysis (Schubert and Rood 1995).
GEOS-2 will be used for the support of the EOS AM-1
launch. A detailed description of GEOS-2 is given in
DAO (1996). The following gives a brief description of
GEOS-2.

The GEOS-2 DAS consists of the GEOS-2 GCM and
the GEOS-2 Physical-space Statistical Analysis System
(PSAS). The GEOS-2 GCM uses version 2 of the Aries/
GEOS dynamical core (Suarez and Takacs 1995), which
is a fourth-order energy and potential enstrophy con-
serving scheme. The turbulence parameterization in the
GEOS-2 GCM consists of components that handle ver-
tical diffusion and surface fluxes of heat, moisture, and
momentum (Helfand and Labraga 1988). The relaxed
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Arakawa—Schubert (RAS) scheme (Moorthi and Suarez
1992), which is a simple and efficient implementation
of the Arakawa—Schubert scheme (Arakawaand Schub-
ert 1974), is used to parameterize moist convection. The
model also includes a parameterization of reevaporation
of falling rain (Sud and Molod 1988). The scheme ac-
counts for rainfall intensity, drop size distribution, and
environmental temperature, pressure, and relative hu-
midity. Convective and large-scale (layered) clouds are
diagnosed in the parameterizations of moist convection
and large-scale condensation. Convective cloud cover
is proportional to detrained liquid water amount given
by RAS, and large-scale cloudiness is calculated with
a scheme similar to Slingo (1987). The longwave and
shortwave radiation schemes are described by Chou and
Suarez (1994) and Chou (1992), respectively. Cloud op-
tical thickness is specified as a function of cloud type
and cloud water content (DAO 1996). The GEOS-2
GCM also has a gravity wave drag scheme (Zhou et al.
1996).

The GEOS-2 PSAS is an entirely different algorithm
than that used in GEOS-1. It solves analysis equations
globally. This eliminates the local approximation and
data selection of the optimal interpolation (Ol) scheme
used in the GEOS-1 system (Pfaendtner et al. 1995). In
this respect, PSAS is comparable to the global varia-
tional spectral analysis systems that have recently been
implemented at the National Centers for Environmental
Prediction (Parrish and Derber 1992) and the European
Centrefor Medium-Range Weather Forecasts (ECMWF;
Courtier et al. 1998). But PSAS, unlike spectral analysis
schemes, works directly in physical space. PSAS per-
forms a large part of its calculations in observation
space, also unlike operational spectral analysisschemes,
which operate in state space. This results in computa-
tional savings, since the dimension of the observation
space is currently an order of magnitude smaller than
that of the analysis state. The computational efficiency
of spectral analysis schemes arises from an assumption
that horizontal forecast error covariances or correlations
are isotropic, that is, diagonal in spectral space, an as-
sumption that is not necessary in the PSAS algorithm.

Another change from GEOS-1 to GEOS-2, especially
important for upper-tropospheric humidity (UTH), isthe
calculation of saturation humidity. In GEOS-1, satura-
tion humidity is calculated with respect to (wrt) liquid
regardless of temperature. In GEOS-2, saturation hu-
midity is calculated wrt ice when temperature is below
—40°C and a linear combination of two calculations
(onewrt liquid and one wrt ice) for temperature between
0° and —40°C. Chen et al. (1998) have shown that this
change significantly reduces UTH.

The GEOS-2 DAS uses the GEOS-2 GCM with hor-
izontal resolution of 2° lat X 2.5° long and 70 sigma
levels and the GEOS-2 PSAS with the same horizontal
resolution but 18 pressure levels (1000, 850, 700, 500,
400, 300, 250, 200, 150, 100, 70, 50, 30, 10, 7, 5, 1,
and 0.4 mb) and sea level. To produce assimilations,
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analysis increments computed by PSAS are integrated
into the GEOS-2 GCM with an approach called the
incremental analysis update (Bloom et al. 1996). The
moisture analysis is performed only at the lowest six
levels (300 mb and below). In the standard or control
assimilation (CTL) the system uses only rawinsonde
humidity observations. For the experimental assimila-
tion (EXP), however, the system uses the TOVS re-
trieved specific humidity in addition to rawinsonde ob-
servations. Both assimilations were integrated from 15
December 1991 through 31 January 1992. Monthly
means for January 1992 are shown in this paper. In next
sections we will show differences between the two as-
similations to illustrate the impact of the inclusion of
TOVS humidity on assimilated fields.

4. Impact on humidity

We use the latest version SSM/I TPW, an independent
dataset, for the TPW validation of the assimilations.
SSM/I contains more microwave channels than TOVS.
These channels provide enhanced information about
TPW over the oceans because the low microwave emis-
sivity of the ocean surface provides a cold background
as compared with emission from atmospheric water va-
por. Therefore SSM/I TPW is expected to be more ac-
curate than that from TOVS. First, we compare the
TOVS TPW with SSM/I. Figures 1a and 1b show TPW
from SSM/I and TOVS, respectively. In the Tropics the
TOVSTPW isin good agreement with SSM/I. However,
the high TPW band with values greater than 36 kg m=2
islatitudinally wider in TOV S thanin SSM/I. The sharp
gradient of TPW in the Tropicsis weaker in TOV S than
in SSM/I. Another difference is that the bulges in the
northeastern Pacific and the northeastern Atlantic are
weaker in TOVS than in SSM/I. The differences be-
tween Figs. 1la and 1b (not shown) indicate that the
TOVS TPW has small dry biases in cloudy regions and
wet biases in clear-sky regions with magnitudes of 2—-8
kg m—2,

We next compare TPW from the two assimilations
with SSM/I. Figure 1c shows the TPW differences be-
tween the CTL assimilation and SSM/I. The CTL as-
similation has large overestimation of TPW in most
tropical oceanic regions to the north of the equator and
in the central equatorial Pacific where the largest TPW
islocated in CTL. Figure 1d shows the differences be-
tween the EXP assimilation (with inclusion of the TOV S
humidity) and SSM/I. It is encouraging that large trop-
ical wet biases found in CTL are significantly reduced
in EXP Also, plots with a finer color scale (not shown
in this paper) indicate an improvement of TPW over the
winter storm tracks in the North Pacific and the North
Atlantic. In some regions of the Southern Hemisphere
(SH), however, biases are slightly larger in EXP than
in CTL. Thisis caused by the wet biases of the TOVS
TPW relative to the SSM/I TPW in those regions.

It is useful to examine the humidity impact in the
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FiG. 1. Total precipitable water from (a) SSM/I and (b) TOVS; and differences between the assimilations and SSM/I (c) CTL minus
SSM/I and (d) EXP minus SSM/I.

lower, middle, and upper troposphere separately because
accurate assimilations of moisture vertical structuresare
very important. Due to the lack of accurate humidity
data with global coverage and vertical structure, it is
difficult to objectively validate changes in humidity at
various levels. Here we focus on the comparison be-
tween the assimilations and the TOV'S humidity data.
Thisis not an independent validation of the TOV S data
impact, but rather an investigation to see whether the
dataisrejected by the assimilation system. By rejected,
we mean that the model physics may try to remove
humidity changes introduced by the data.

Figure 2ashowsthe CTL humidity at 850 mb. A large
humidity band exists along the equator with maximum
values over deep convection centers along the inter-
tropical convergence zone (ITCZ). Figure 2b shows hu-

midity differences between CTL and TOVS. In the SH
low latitudes (0°-35°) except for the central tropical
Pacific, the CTL humidity is significantly drier than the
TOV S humidity. Dueto thisdry biasin CTL, the TOVS
humidity data should have a moistening impact in EXP
over those regions. Figure 2c shows the humidity anal-
ysis increment in EXP. The analysis increment is the
forcing term introduced by the humidity data due to the
difference between the model’s first guess and the data.
Since there are few rawinsonde humidity observations
in the Tropics and SH (Schubert et al. 1995), large pos-
itive analysis increments in Fig. 2c are due mainly to
the TOVS humidity data. As a result, the assimilated
humidity from EXP should be much closer to the TOVS
humidity. Figure 2d shows the differences between EXP
and TOVS. Thelarge biasesfound in CTL, both positive
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FiG. 2. (a) Specific humidity at 850 mb from CTL, (b) differences in humidity between CTL and TOVS, (c) analysis increments of
humidity in EXP, and (d) differences in humidity between EXP and TOVS.

and negative, are largely reduced. It is clear that the
GEOQOS assimilation system usesthe TOV S humidity data
very effectively at this level.

Figure 3a shows the CTL specific humidity at 500
mb. The largest humidity at this level existsin the cen-
tral equatorial Pacific. This is caused by the eastward
shift of strong deep convection associated with the sea
surface temperature (SST) anomaly that occured during
the El Nifio event (Kousky 1993). The CTL humidity
is greater than the TOV S humidity in almost all oceanic
regions (Fig. 3b). The differences are particularly large
in low-latitude oceanic areas. Thus, inclusion of the
TOV S humidity data should reduce the humidity at 500
mb. Figure 3c shows the analysis increments of humid-
ity in EXP. The large negative increments in Fig. 3c
correspond to the positive differences seen in Fig. 3b
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and vice versa. The humidity differences between EXP
and TOVS (Fig. 3d) are much less than those between
CTL and TOVS (Fig. 3b). However, the EXP humidity
in some regions is still significantly larger than TOVS.

Figure 4a shows the CTL humidity at 300 mb. High
humidity is closely associated with deep convection
along the ITCZ. Compared with the TOVS humidity,
the CTL humidity is much higher over most regionsin
low latitudes (Fig. 4b). In the central tropical Pacific
and the tropical Indian Ocean, the CTL humidity istwo
to three times as large as the TOV S humidity. Inclusion
of the TOVS data gives large negative analysis incre-
ments in the Tropics in the EXP assimilation (Fig. 4c).
Figure 4d shows the differences between EXP and
TOVS. Even though the negative analysis increments
due to the TOVS data in EXP are very strong, the wet
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FiG. 3. (a) Specific humidity at 500 mb from CTL, (b) differences in humidity between CTL and TOVS, (c) analysis increments of
humidity in EXP, and (d) differences in humidity between EXP and TOVS.

biases in the central tropical Pacific and the tropical
Indian Ocean are only slightly reduced in EXP Fur-
thermore, the wet biases in some regions such as south-
ern Africa and South America increase (see Fig. 5b for
details). This implies the analysis increment is com-
pensated or even dominated by opposite changesin oth-
er moisture forcing terms in GEOS-2. Since tropical
deep convection has a predominant effect on tropical
upper tropospheric humidity (Chen et al. 1998, 1999),
the opposite (moistening) impact should result mainly
from changes in deep convection.

We use vertical velocity at 400 mb as an indication
of the strength of tropical deep convection because as-
cending motion is strongest around 400 mb in the Trop-
ics (Schubert et al. 1995). Figure 5a shows differences
between the two assimilations in vertical velocity w at

400 mb (0 = dp/dt, where p isthe pressure and t is the
time). Negative differences in o indicate enhanced as-
cending motion. It is clear that deep convection in the
EXP assimilation is stronger than in CTL in southern
Africa, South America, and some other regions in the
Tropics. In the central tropical Pacific just to the south
of the equator, deep convection in EXP is weaker than
in CTL. Figure 5b shows differences in humidity at 300
mb between the two assimilations. There is a good re-
lationship between negative o differences and positive
humidity differences due to moistening effect of en-
hanced deep convection. This suggests that the moist-
ening effect of enhanced deep convection is dominant
over the negative humidity analysisincrement shownin
Fig. 4c. On the other hand, there is no corresponding
negative humidity difference with similar spatial cov-
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Fic. 4. (a) Specific humidity at 300 mb from CTL, (b) differences in humidity between CTL and TOVS, (c) analysis increments of
humidity in EXR and (d) differences in humidity between EXP and TOVS.

erage in the central tropical Pacific where a large pos-
itive w difference exists. This is unexpected because
both the reduced convection and the negative analysis
increment in the region (Fig. 4c) have drying effects.
It suggests a role of other mechanisms, such as large-
scale advection and subgrid mixing, in redistribution of
upper-tropospheric water vapor.

It has been demonstrated that assimilating the TOVS
humidity data into GEOS-2 has a profound impact on
convection, which in turn has alarge effect on humidity.
This effect due to the interactions with convection is
here referred to as the indirect effect. For the lower and
middle troposphere, the direct effect (the analysis in-
crement) of the TOV S humidity data on the assimilated
humidity is dominant over the indirect effect. For the

upper troposphere, however, the indirect effect becomes
more important.

5. Impact on precipitation, clouds, and radiation

For the evaluation of precipitation we use the pre-
cipitation dataset from the Global Precipitation Cli-
matology Project (GPCP; Huffman et al. 1997). The
GPCP precipitation is a combination of rain gauge mea-
surements and satellite estimations from both micro-
wave (SSM/I) and infrared (various geostationary sat-
ellites) measurements. The dataset also includes the es-
timated errors, which vary with space and time. For
January 1992, the relative errors are 15%-25% in the
Tropics and 25%—-30% over the winter storm tracks.
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The precipitation from EXP and CTL is shown in
Fig. 6 with the GPCP estimation. The two assimilations
have heavy precipitation in convectiveregionsaong the
ITCZ, which is consistent with GPCP Precipitation
along the ITCZ is generally enhanced in EXP as com-
pared with CTL (Fig. 6d). The largest enhancement is
found in southern Africa and South America. In the
central tropical Pacific, however, precipitation isweaker
in EXP The differencesin tropical precipitation are con-
sistent with the changes in convection indicated by the
400 mb  field shown in Fig. 5a. Compared to GPCR,
these changes indicate general deterioration of precip-
itation in the EXP assimilation. As examples, precipi-
tation in the central tropical Pacific is already too weak

in CTL, but even weaker in EXP. In southern Africa
and South America, precipitation is about right in CTL
while too strong in EXP In the extratropics, large pre-
cipitation associated with the winter storm tracks in the
North Pacific and the North Atlantic is much reduced
in EXP, which is another major deterioration.
Assimilation of the TOVS humidity into GEOS-2
gives better moisture fields (TPW and specific humidity
in the lower and middle troposphere), but not a better
precipitation field. A similar result was found by
McNally and Vesperini (1996) when they assimilated
the TOV S radiance of the water vapor channelsinto the
ECMWF assimilation system with a one-dimensional
variational analysis scheme (1DVAR). They found that
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FiG. 6. Precipitation from (a) CTL, (b) EXP, and (c) GPCP; and differences (d) between EXP and CTL.

the TOV Sradiance assimilation improvesthe TPW field
significantly, but has no clear positive impact on the
precipitation field. The inconsistency implies compli-
cated interactions between humidity and parameterized
physics in an assimilation system. Usually there is ex-
tensive tuning of physical parameterizations involved
during the development of an assimilation system. When
new types of observations become available, it might
be necessary to retune the system to achieve overal
improvements on assimilations with new observations
included. A further discussion on this issue is given in
the next section.

Figure 7 shows the total cloud amount from the two
assimilations and the International Satellite Cloud Cli-
matology Project (ISCCP; Rossow and Schiffer 1991).
The cloud amount along the ITCZ is generally greater

in EXP than in CTL (Fig. 7d), which is consistent with
the changes in deep convection. In the subtropics of the
Northern Hemisphere (NH) the EXP assimilation has
less cloud amount than the CTL assimilation. The cloud
amount is also reduced over the NH winter storm tracks
and the vast oceanic regions in the SH midlatitudes. In
the high latitudes of both hemispheres, however, the
cloud amount is significantly greater in EXP than in
CTL. These changesin the total cloud amount generally
make EXP farther away from ISCCP This is not sur-
prising after we have seen the deterioration in the pre-
cipitation field when the TOVS humidity data is in-
cluded. The changes in clouds indicate strong interac-
tions between humidity and cloudsin convectiveregions
(the ITCZ and the winter storm tracks) and noncon-
vectiveregions (the NH subtropics, the SH midlatitudes,
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Fic. 7. Total cloud amount from (a) CTL, (b) EXP, and (c) ISCCP; and differences (d) between EXP and CTL.

and the high latitudes of both hemispheres). Large
changes in clouds have enormous impacts on radiation
budget in the atmosphere and on the surface.

Figure 8ashows differencesin the outgoing longwave
radiation (OLR) at the top of the atmosphere (TOA)
between the two assimilations. Negative (positive) dif-
ferences in OLR correspond well to positive (negative)
difference in the cloud amount (Fig. 7d) due to the
greenhouse effect of clouds. The greenhouse effect of
clouds depends on cloud amount, cloud height and tem-
perature, and cloud radiative properties. Changesin hu-
midity also have an effect on OLR, which is important
in clear-sky regions but secondary in cloudy areas. Fig-
ure 8b shows changes in the reflected shortwave radi-
ation (RSR) at TOA between the two assimilations. The
differences in RSR are mainly caused by the changes

in cloud coverage. Except for the polar regions, clouds
are brighter than the surface underneath, that is, clouds
have higher albedo than the surface. Thus the positive
(negative) differences in RSR coexist with the positive
(negative) differences in the cloud amount. Large dif-
ferences found in the SH midlatitudes are associated
with large solar irradiance in the summer hemisphere.

6. Discussion and conclusions

The assimilation experiment with the inclusion of the
TOVS retrieved humidity has shown a large impact of
the TOV'S humidity on the assimilated humidity fields.
It has been demonstrated that the impact results from
direct and indirect effects. The direct effect is the anal-
ysis increment introduced by the humidity data. The
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direct effect draws the assimilated humidity toward the
observation. The GEOS-2 data assimilation system uses
the TOVS data very effectively in terms of the direct
effect. The indirect effect is realized through the inter-
actions of humidity with physical processes, mainly
with moist convection. The direct effect is dominant in
the lower and middle troposphere while the indirect ef-
fect is more important than the direct effect in the trop-
ical upper troposphere.

Due to the complicated nature of the interactions be-
tween humidity and physical processes, the indirect ef-
fect does not necessarily act in a way to draw an as-
similation to humidity data. In the assimilation pre-
sented in this paper, the indirect effect is often opposite
to the direct effect. In most regions along the ITCZ,
deep convection is enhanced when the TOV S humidity
isincluded. Due to the strong moistening effect of trop-
ical deep convection (Chen et al. 1999), enhanced con-
vection increases upper-tropospheric humidity. The
moistening impact from enhanced convection is domi-
nant over the negative forcing from the direct effect for
the upper troposphere. This explains the inconsistency
that the inclusion of the TOVS humidity data gives a
wetter upper troposphere in southern Africa, South
America, and some other tropical areas even though the
TOV S upper-tropospheric humidity issignificantly drier
than the control assimilation.

The strong interactions between humidity and phys-
ical processes are also shown in the precipitation, cloud
amount, and radiation fields. There are large changesin
those fields when the TOV'S humidity isincluded in the
assimilation. The changes over most regions give an
indication of deterioration compared with available in-
dependent observations, even though the humidity fields
are better assimilated in the lower and middle tropo-
sphere. The lack of improvement on those physical

fields is consistent with the unfavorable impact on up-
per-tropospheric humidity.

The unfavorable interactions between the TOV'S hu-
midity and the GEOS-2 physical parameterizations
could result from either poor quality of the vertical
structure of the TOV'S humidity or deficiencies in the
parameterizations. The good agreement of the TOVS
TPW with the SSM/I TPW does not mean good quality
of the vertical structure of the TOV Sretrieval. However,
comparisons of the TOVS retrieval with the ECMWF
reanalysis (Gilbson et al. 1997) and historical rawin-
sonde data (Oort 1983) show that the vertical structure
of the TOVS retrieval is more consistent with those
datasets than the GEOS-2 control assimilation. Thus,
the unfavorable interactions suggest that retuning of
physical parameterizations is necessary for full use of
the new data. The present GEOS-2 physical parame-
terizations have been tuned largely for optimal climate
simulations with the GEOS-2 GCM. In standard GEOS
assimilations the input humidity data is only from ra-
winsonde observations. It has been shown that there are
unfavorable interactions between input data and moist
convection in the GEOS-1 system, which unfavorably
affect precipitation, clouds, radiation, and upper-tro-
pospheric humidity (Molod et al. 1996; Chen et al.
1998). The moist convection in GEOS-2 is basically the
same as in GEOS-1 (Moorthi and Suarez 1992). The
unfavorable interactions exist in GEOS-2, though, to a
less degree.

The TOVS humidity data is much greater in volume
than rawinsonde data, especially in the Tropics. This
could mean stronger interactions expected between the
TOVS data and moist convection. Emerging evidence
clearly indicates that tuning of physical parameteriza-
tions explicitly in the data assimilation mode is nec-
essary for development of an optimal data assimilation



2994

system. Also, compared with tuning in the model sim-
ulation mode, tuning in the assimilation mode is more
constrained by observationsin direct and indirect ways.
This means tuning in the assimilation mode is more data
driven. We have a plan for in-depth studies of tuning
the GEOS physical parameterizations explicitly for data
assimilations.

The DAO has aso been developing a one-dimen-
sional variational analysis scheme to assimilate the
TOV S humidity information (radiances) into the GEOS
DAS (Joiner and Rokke 1998). The 1DVAR will be
interactive, meaning that it will use forecasts from the
same assimilation system as a background. This may
give an improved assimilation of the TOVS humidity
information. The TOV S Pathfinder dataset was designed
to be a self-contained climate dataset. The tuning in the
retrieval that has been applied to the Pathfinder dataset
may not be optimal for data assimilations. It is hoped
that the combination of the 1DVAR with model physics
tuning in the assimilation mode will improve the GEOS
assimilations of humidity and related physical fields.
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