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Abstract. A method is developed for validating model-based estimates of almospheric
moisturc and ground temperature using satcllite data. The approach relates errors in
estimatces of clear-sky longwave fluxcs at the top of the Earth-atmosphere system to crrors
in gcophysical parameters. The fluxcs include clear-sky outgoing longwave radiation
(CLR) and radiative flux in the window region between 8 and 12 wm (RadWn). The
approach capitalizes on the availability of satcllite estimates of CLR and RadWn and
other auxiliary satcllite data, and multiple global four-dimensional data assimitation
(4-DDA) products. The basic methodology cmploys off-line {orward radiative transfer
calculations to generate synthetic clear-sky longwave fluxcs from two different 4-DDA
data sets. Simple lincar regression is uscd to relate the clear-sky longwave flux
discrepancics to discrepancics in ground temperature (87',) and broad-layer integrated
atmospheric precipitable water (8pw). The slopes of the regression lincs define sensitivity
paramcters which can be cxploited to help interpret mismatches between satellite
obscrvations and modcl-bascd estimates of clear-sky longwave fluxes. For illustration we
analyze the discrepancics in the clear-sky longwave {luxcs belween an carly
implementation of the Goddard Earth Obscrving System Data Assimilation System
(GEOS2) and a recent operational version of the Europeuan Centre for Medium-Range

Weather Forecasts data assimilation system, The analysis

of the synthetic clear-sky flux

data shows that simple lincar regression cmploying 877, and broad laycr §pw provides a
good approximation to the full radiative transfer caleulations, typically explaining more

than 90% of the 6 hourly variance in the flux differences.

These simple regression

relations can be inverted to “retrieve” the crrors in the geophysical parameters.
Uncertaintics (normalized by standard deviation) in the monthly mean retrieved
paramcters range from 7% for 8T, to ~20% for the lower tropospheric moisture between
500 hPa and surface. The regression rclationships developed from the synthetic flux data,
together with CLR and RadWn obscrved with the Clouds and Earth Radiant Encrgy
System instrument, arc uscd Lo assess the quality of the GEOSZ T, and pw. Results
showed that the GEOS2 T, is too cold over land, and pw in upper layers is too high over

the tropical ocecans and too low in the lower atmosphere.

1. Introduction

While much progress has been made to improve the climate
characteristics of general circulation models (GCMs), the hy-
drological cycle stands out as a major componcent of the Earth-
Atmosphicre system which is still poorly modeled Je.g., Gates cf
al. 1999; Lau et al., 1995]. Major advances in modcling the
hydrological cycle arc hampered by inadequate and/or incom-
plete measurcments of such quantitics as precipitation, latent
heating, clouds, atmospheric and soil moisture, and ground
temperaturc. Data obtained by methods of four-dimensional
data assimilation (4-DDA) suffer from errors in these quanti-
tics, both as a result of crrors in the assimilating models and a
lack of obscrvations to directly constrain the hydrological cycle.

This paper is not subject to U.S. copyright. Published in 2000 by the
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[n this study we focus on methods to verify model-bused
(inchuding 4-DDA) moisture profiles (¢) and ground temper-
ature (7} using satcllite data. We focus on these two param-
clers beeause they are highly dependent on the parameteriza-
tivns of sub-grid-scale processes, and they are difficult to
validate because there are few reliable obscrvations of these
quantitics with global coverage. The quality of the ground
temperature dircetly reflects on the quality of the land surface
formulation, while the moisture profiles arc importait con-
straints on the behavior of the boundary layer and cor.vection
schemes, The methodology described here was developed as
the result of efforts (o validate these quantitics in a glolal data
assimilation system, but the methodology should alsi- prove
usclul for assessing systemaltic crrors of global atme spheric
models,

The basic methodology is as follows: First, sensitivity param-
cters arc obtained by applying off-line forward radiativ : trans-
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fer calculations to two different assimilated data products to
relate differences in clear-sky longwave fluxes at the top of the
Earth-atmosphere system {o crrors in geophysical parameters.
The clear-sky longwave fluxes include clear-sky outgoing long-
wave radiation (CLR) and radiative flux in the window region
between 8 and 12 pm (RadWa). The assimilated data scts
should provide physically reasonable and global estimates of
the geophysical ficlds. Any discrepancics in the ficlds from the
two different systems measure our uncertainty and provide a
tool for asscssing the sensitivity of the CLR to discrepancics in
these fields. The scnsitivity parameters together with satellite
cstimates of clear-sky longwave fluxes (and other auxilinry sat-
¢ellite data) arc then used to relate the clear-sky longwave
fluxes to crrors in the geophysical ficlds. For purposc of itlus-
tration, sensitivity paramclers are obtained by comparing
ground temperature and atmospheric temperature and muois-
ture profiles from an carly implementation of version 2 of the
Goddard Earth Obscrving System (GEOS2) data assimilation
system [Data Assimilation Office (DAO), 1996] with those
quantitics from a recent opcrational version of the European
Centre for Medium-Range Weather Forceasts (ECMWE) data
assimilation system [Courticr ¢t al., 1998].

The key satellite data used for this study are the CLR and
RadWn cstimates from the Clouds and Earth Radiant Energy
System (CERES) [Wielicki ef al., 1996] instrument onboard the
Tropical Rainfall Mcasurcment Mission (TRMM).

This approach to validation is viewed as a compromise be-
tween a simple comparison of model-generated and observed
CLR and RadWn and full retrieval algorithms that attempl to
exploit information in multiple spectral hands to obtain esti-
mates of the geophysical quantities. The method provides in-
sight into the naturc of the crrors in the model-based CLR and
RadWn consistent with the broadband nature of the CLR and
RadWhn satellite measurcments.

Sections 2 describes the satellite data and radiative transfer
model used for the forward caleulation, The methodology is
described in scction 3. The sensitivity analysis, based on the
GEOS2 and ECMWF assimilated data, is described in scction
4. A comparison with the CERES/TRMM clear CLR and
RadWn is presented in scction 5. Discussion and conclusions
are given in section 6.

2. Satellite Data and Radiative Transfer Model

The primary quantity analyzed in this study is the CLR and
RadWn. The avaitability of high-quality satcllite estimates of
CLR and RadWn (sce below) has made these important quan-
tities for validating global models. Relating and understanding
diffcrences between model-computed and observed CLR and
RadWn is complicated by a number of factors. Some of the
diffcrences arisc from sampling differences and fundamental
diffcrences between satellite measurements and model “grid-
scale” ficlds. In this study we focus on the problem of relating
the errors {computed minus obscrved) in CLR and RadWa to
deficiencics in the modcl-based estimates of the radiatively
important geophysical quantitics (c.g., atmospheric moisture
and temperature and ground temperature). The methodology
is developed with synthetic flux data to circumvent the sam-
pling and representativeness problems, These issucs are be-
yond the scope of this initial study, though they will nced to be
addresscd when developing quantitative cstimates of crrors in
the geophysical quantitics based on satellitc measurcments,
We note that in this study the model-based CLR and RadWn

arc computed in an ofl-line mode (sce below). Many institu-
tions now routinely compute CLR on-line during the ccurse of
maodel integrations,

In the following we describe the CLR and RadWa data,
various other auxiliary data scts used for this study, : nd the
radiative transfer scheme used for the off-line caleuli tion of
CLR and RadWn.

2.1, CLR and RadWn Satellite Data

While the sensitivity parameters will be developed w th syn-
thetic flux data (sce next scetion), our application of the: meth-
odology to validating GIZOS2 (see scetion 5) will requ irc sat-
¢llite observations as input. For the latter we have otained
CIERES/TRMM data [IWielicki et al., 199G}, The qualit, of the
CIIRES data is comparable to the quality of the Earth Radi-
ation Budget Dxperiment (TRBE) data for instantancous ra-
diance, uxes, and scene type. Generally, radiance un crtain-
ties arc at the 1% level or less. Some differences tetween
CERES/TRMM and ERBI:-ERBS arc as follows: the ficld of
view resolution, the spectral response of the instrumests, and
the tropical anly coverage of TRMM [Wiclicki et al., 1796].

2.2,

For the sensitivily caleulations we employ the rediative
transfer scheme developed by Chou and Suarcz [1994]. This
scheme is used in the GEQS2 model. The longwave (LW)
caleulation has nine bands (band 10 is added 10 compute flux
reduction due 1o N,O in the 15 pm region). The transmission
and absorption of 11,0, 11,0 continuum, CO,, O,, CFC, CIL,
and N,O is modeled using & distribution, In the LW, multipli-
cation approximation for bands are assumed. The LW scheme
compares well with detailed line-by-line caleulations. The root
mean squarc (rms) errors of CLR arc between 1 and 3 wm™?
[Chou and Kouvaris, 1991; Chou et al., 1995; Kratz ct al., 1998].
In addition, the code has been participated in the Intercom-
parison of Radiation Codes in Climate Models (ICRCCM)
[ tlingson et al., 1991,

Surface emissivity depends on surface property or vegetated
surface. For a given surlface type, its values are also different
for differcnt wavelengths in the LW spectrum. The global
distribution of surface type and the associated cmissivity that
we used were taken from CERES. The Advanced Spaccborne
Thermal Enission and Reflection Radiometer created an cas-
ily nccessible data set on the basis of extensive measurements
of the speetral reflectances of surface material in the 2-16 pm
region by Salishury and 1Y'Aria [1992]. Wither ¢t al. [1599] de-
rived spectrum emissivity from the spectrum reflectance on the
hasis of scene type. The scene type was determined by using a
1 ki map of the International Geosphere Biosphere Program
scene types as supplicd by the U.S. Geological Survey (! 1SGS).
A scene type of tundra was added to scparatc it from descrt
resulting in 18 surface types. We caleulate the fraction >f cach
scenc type in a 2° X 2.5° longitude and latitude box fiom the
1/6 cqual angle data. Radiative fluxes are computed in :ach of
the 2° X 2.5° boxes several times on the basis of the nuraber of
scene types in a box (maximum is 18). The final mean r: diative
flux is an arca mean of the fractional type. Surface emissivity
effeet on CLR is large over the desert regions, where >{f-line
computations show it can be as high as 5-8 Wm™? ‘mostly
from window bands).

23, Ozone

The analyzed ozone ficlds from the Goddard Carth Observ-
ing System (GEOS) ozone data assimilation system (DAS)

Radiative Transfer Scheme
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[Ritshejgaard et al., 1999; S‘lajner ¢t al., 1999] arc used in this
study. They arc obtained by assimilating total column ozone
observations from the Total Ozone Mapping Specirometer
(TOMS) and ozonc profilc obscrvations from the solar back-
scattered ultraviolet/2 (SBUV/2) instruments into an off-line
transport model driven by the GEOS-DAS assimilated winds,
While the statistical analysis of ozone is performed at every
modecl time step (15 min) using a global physical spacc-bascd
analysis scheme, the analyzed ozone is written out at the same
frequency and resolution as the other GEOS-DAS ficlds. The
high quality of the ozonc ficlds is illustrated by two examples
from their validation for January 1998, The average rms dif-
ference between TOMS obscrvations and total column ozone
forccast is about 11 Dobson units or 3.7% of the average total
column ozone, The comparison of analyzed ozone profiles with
independent vzone obscrvations measured by the Halogen Oc-
cultation Experiment (HALOE) onboard the NASA Upper
Atmosphere Rescarch Satellite shows that the mean profiles
agree within 3.2% between the pressures of 30 and 1 hPa. In
this region the HALOE measurcments agree within 5% with
ozoncsonde, lidar, balloon, rocketsonde, and other satcllites
ozonc measurements [Bruhl et al., 1996).

While the ozone contribution to CLR is relatively small, the
accuracy of its distribution is critical for the CLR computation.
In particular, the high ozonc concentrations in the stratosphere
and its presence in the water vapor window region are impor-
tant for the clear-sky flux.

3. Methodology

To help understand the methodology, we start with the ra-
diative transfer cquations for clear-sky conditions in the LW
region of the spectrum given

CLR(T, q, T,, ... ) = fﬂ e BAT)rluz) dv + ”'1

" Il P Y

L " dr (' - u)
P~ e )r(np) w3 (T{u')) —7;,—-—(("' dv

ur

o drfu —u'")
+ aB (T(u')) lel' dv, n
[}

"

where v is frequency, B3, is the Planck parameter, ¢, is surface
emissivity, 7, is the transmission paramcter at frequency v, 1 is
the path length, and u, is the total path fength. In (1) the first
terms on the right-hand side (RHS) is the contributions from
the surface, The sccond term is the downwelling atmospheric
radiation reflected from the surface. This term tends to be
small compared to the other terms. The third term is the
contribution from the atmosphere.

The first step is to develop sensitivity paramcters relating
CLR Jdifferences to differences in the geophysical quantitics.
This is carricd out herc using data from two different four-
dimensional data assimilation systems. The simulated radi-
ances are computed using the T, and ¢ and temperature (7))
profiles as input to the radiative transfer caleulations using the
schieme described in the previous section, The aim of this step
is 1o try to understand which aspect of the input data is most
sensitive to the CLR and how the sensitivity varics over the
globe.

We consider a change in the CLR in terms of the following
lincarization:

oo ACLR ACLR
SCLR(T, q, T,)) = =7 8T, + > Pk
L i
L aCLR __
T ST, (2)

where 8g,; and §7;; are the differences in the two moisture and
temperature products in Tayer i. We consider the par:ial de-
rivatives in (2) as scositivity parameters relating changes in the
geophysical quantitics to changes in the CLR. The validity of
this approximation will be examined in the following scction by
comparing results from the full radiative transfer calculations
(referred to as the “true”™ values in the following discussions)
with results from “best fit” lincar regression cquation: based
on (2).

4. Scositivity Analysis

In this scction we shall compute the sensitivity parametcrs
defined previously using output from two different 4-DDA
systems {(GEOSZ and ECMWF). Note that sincc we arc only
interested in differences, there is no necd in these caleulations
to assumc onc or the other 4-DDA systems is correct. In
section 5 we will use the scasitivity parameters together with
satellite data to validate the GEOS2 system.

GILE0S2 represents a major upgrade to the bascline GEOSI
system employed in the NASA first reanalysis effort {Sc/uhert
et al., 1993). The final version of GEOS2 includes a physical-
space three-dimensional variational analysis algorithm (Physi-
cal-Space Statistical Analysis System (PSAS) [Cohan et al.,
1998]) and numcrous improvements to the general circulation
model. The model improvements include a morc accurate dy-
namics [Tukacs and Suarcz, 1996], a gravity wave drag scheme
[Zhou et al., 1996], improved diagnostic clouds, the mosaic
lund surface scheme of Koster and Suarez [1994], a kovel 2.5
mwoist turbulence scheme [Helfand et al., 1999, and n:w SW
and LW radiation code [Chon and Suarcz, 1994]. ‘The systcm
also includes the capability to assimilate TOVS moisture and
Special Sensing Microwave/Imager (SSM/T) total prec pitable
water. W euts 4 )

The version of GEOS2 uscd here was run with 70 sertical
layers extending to 0.01 hPa and with a spatia! resolutiv:n of 2°
X 2.5° latitude-longitude. The T, output was saved very 3
hours, while the upper air T and ¢ were saved cvery € hours.
The GEOS2 data arc compared with operational analy: es gen-
erated by the ECMWE for January 1998, Thesc data ar 2 avail-
able cvery 6 hours and have been interpolated to a 2° X 2.5°
grid 1o be consistent with the GEOS2 data.

As desceribed in the previous section, T, T, and ¢ frcm both
analyses arc input 10 a radiative transfer model to compute the
CLR and RadWa, The primary interest for this study i in the
sensitivity to T, and ¢. Our initial analysis showed that T
differences between GEOS2 and ECMWI are small, and the
effcet on the computation of CLR is around +1.5 Wm™2,

In the folfowing, CLR computed by using all GEOS2 data is
referred to as CLRGEOSZ, and the CLR computed using all
ECMWF data is referred to as CLRECMWF. Sensitivities are
estimated by recomputing the CLR after replacing sclected
input ficlds. For example, to estimate aCLR/0T,,, we compuic

the CLRGEOS? as before but replacing the GEOS2 ¥, with

[N
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the T, from the ECMWT data. We will refer to this as
CLRGEOS2(87,), indicating the calculation is carricd out
with the GEOS2 ground temperature perturbed by the amount
8T, = T,(ECMWF) — T, (GEOS2). The difference
SCLR(ST,,) CLRGEOS2(8T,) — CLRGEOS2 which di-
vided by 8T, is a measurc of the sensitivity of CLR to ground
lcmpcramrc‘ For cxample, the change in CLR duc to dilfer-
enees in T, is then denoted by SCLR(S7',). An estimate of the
scnsitivity of CLR to T, changes is

ACLR _ 5CLR(5T,) ,
aT, = 8T, G)

7

Since the sensitivity of CLR to moisturc varics with height,
scnsitivity ratios arc cstimated separately for different layers in
the atmosphere. For these calculations we used ECMWF data
as the basis for detcrmining the moisture scnsitivity since we
fclt that the ECMWF moisturc values were morc reasonable
especially at upper levels. In principle, it should not matter
which one is used (GEOS2 or ECMWF), sincc we arc only
after the sensitivity. In fact, tests showed similar results using
GEOS2, though we felt the analysis using ECMWF provided
results that were somewhat casicr to interpret for the moisture.
The layer-integrated moisturc is referred to as the precipitable
waler (pw). For cxample, we compute SCLR(8pw,) =
CLRECMWF(8pw,) ~ CLRECMWTF. Here 8pw, is cqual to
pw from ECMWF minus pw from GEOS2, where pw,, is the
moisture in the layer between 200 and 500 hPa. Similar caleu-
lations arc donc for moisture between 200 and 700 hia
(PW3go), between 200 and 900 hPa ( pwyqq), between 200 hPa
and surface (pw,.. ), between 500 and surface (pw,), and the
full moisturc profile (tpw). The scnsitivitics to pw arc given by
equations analogous to (3). For cxample,

aCLR  6CLR(6pw,)
apw, ~ Spwy,

)

estimates the sensitivity of CLR to the pw between 200 and 500
hPa.

We use the period January 1998 1o compute the sensitivity
paramclers, since we have in-house operational analyses from
ECMWF for this time period. Unless noted otherwise, all
calculations are based on 6 hourly data on the GEOS2 2° x
2.5% grid. We estimate the scasitivitics locally using simple
regression Lo relate the 6 hourly differcnces in CLR (or SCLR)
to differences (8x) in the input quantitics, For a single pre-
dictor the regression cquation takes the form

6CLR(6x) = o,8x + &, (5

where x is the quantity being varied (for example, T, pw,, or
pw,), a, is the scnsitivity parameter to be estimated, and ¢ is
the component of the SCLR not explained by 8.

Before computing the sensitivity parameters, we first cxam-
inc the differences in the CLR from the two assimilated data
scts and look in some dctail at the various band contriby-
tions to the total CLR. Figure I shows the mean SCLR =
CLRGEOS2 - CLRECMWF for January 1998 computed
from the 6 hourly data. Over land the diffcrences can be as
large as 15-20 Wm™2 and over the occans as larpe as 20-25

m ™2 Figures 1b and lc show SCLR(ST,) and 8CLR(&q),
respectively. The pattern and magnitude of the SCLR distri-
bution over land is very close to SCLR(ST,), while over

Clear Sky OLR Dif {(Wm™) Jonuory 1998
(Contour intarvals (SWm-*, starting ot ~

éCLR

~5) ore for nelogive -clues)

§0 120 180

c &
?
x,‘

-30

-90

60 120 180 240 300 360
Fig. 1

Figure 1. Monthly mean SCLR (Wm™2) hased m the
G052 data and the ECMWE data: (a) diffcrences ind iced by
87,, 8q, and 8T, (b) differences induced by 51'1 and {c)
differences induced by 8g. Contours arc for negative values;
the intervals are the same as the shaded values.

oceans, SCLR is very similar to SCLR(8q ). This indica ¢s that
for these two assimilated data sets the largest discrepancics in
CLR over the land poleward of about 40° latitude are due to
ground temperature differences, while the largest dise repan-
cies in CLR over the oceans are due to differences in the
moisture profifcs.

To betier understand the sources of the CLR from the
atmosphere and land, we look in more detail at the various

band contributions to the CLR (Figures 2 and 3). The gascous g5 F2 3

absorption included in the radiative transler code [Chow and
Suarez, 1994] arc H,0, CO,, O,, and trace gases (sce section
2.2). In the following we will focus on the water vapor cffect.
Column 1 in Figure 2 shows the CLR computed from the
ECMWTF data in cach of the nine bands, The first three bands
are the contribulions from the water vapor rotational bands.
The next three are the contributions from the 800 10 1215
cm™" window region, and the last three represent contribu-
tions from waler vapor vibration and rotation bands. Column 2
shows the emission from the surface (¢,T,). Column 3 is the
contribution to the CLR from the first two terms on the RIS

0 : !
check rep]
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1: 0 - 340
2. 340 — 540
3. 540 — 800
4: BOO — 980
5. 980 - 1100

ECMWF Data (Wm™?) Jan 1 00Z 1998

6:1100 ~ 1215
7:1215 — 1380
8:1380 - 1900
9:1900 - 3000

Figure 2. Contributions 1o CLR (Wm~2) from dilferent parts of the atmospherc and dilfcrent bands. From
top down the hand ranges from band 1 to band 9, the wave number for cach band is shown at the bottom of
the figure. Value £7 is surface emission, Surf (surfacc contribution) is the first two terms of the RHS of (1)
and Atm (contribution from the atmosphere) is the third term of the RTIS of (1). Contour intervals arc 10
Wm~2 except the last one in a column, which is 5 Wm™2

of (1), and column 4 shows the contribution to the CLR [rom
the atmosphere (third term on the RHS of (.

The strength of surface emission follows the Planck function
which peaks in the third band (540-300 cm ™). The intensity
from the other bands decrcases gradually toward both sides.
Note that the band widths arc rot uniform. The atmospheric
transmission function strongly modifics the surface emission,
cspecially in bands with strong gascous absorption. The degree
of the atmospheric cffect depends on the opacily of the atmo-
sphere. Comparing, in Figure 2, the surface cmission with the
amount reaching the top of the atmosphere, we find a signif-
icant greenhouse effect duc to gascous absorption. The green-
house cffect is very strong in the water vapor rotational band
ranging from zcro to 800 em™ ! (which include the 15 pm CO,
band) and the vibrational and rotational band ranging from

1215 1o 3000 em™ . The largest contributions to CLR arc from
bands 2 to 4, ranging from 340 to 980 cm™, and most of the
contributions are from the atmosphere because of the opacity
of the water vapor rotational bands and CO; bands. For cx-
ample, the surface has the largest cmission in band 3, but the
surface contribution to CLR is rclatively small due to the
opacily of the atmosphere. In particular, over the rropical
occans the surface contribution 1o the CLR from this yand is
about 57, whilc the rest is from the atmosphere (scc Fi;;ure 3).
Figure 3 includes the effective pressure level of the contribu-
tions from the atmosphere averaged over the month. This is
determined hy finding the peak of the weighting functicn com-
puted from the mean transmission functions. In bands ¢ and 3,
most contributions over land are from layers close 1o surface
(lowest 300 hiPa), while most contributions over the ropical
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Surf/CLR

. 0 -~ 340
2: 340 - 540
3: 540 - 800
Fig.3 4: BOO - 980
5: 980 - 1100

Pressure {(hPa)

ECMWF Dota (Wm™) Jon 1 C0Z 1998

6:1100 ~ 1215
74215 ~ 1380
8:1380 - 1800
9:1900 ~ 3000

Figure 3. Percentage contributions to CLR (%) from Surfl and Atm and mean peak of the weighting

function (hPa).

oceans arc from layers ranging from 200 to 500 hPa, where
water vapor concentration is high. Away from the tropics the
opacity decreascs, and the fayer of largest emission is lowered
to Letween 500 and 700 hPa. In the tropics the atmosphere
contributes more than the surface in all bands. The fargest
contributions arc¢ from between 200 to 500 hPa and some are
from 500 to 700 hPa depending on the opacity of the atmo-
sphere.

In summary, the major contribution to CLR over the trop-
ical occans (30°S to 10°N) is from the atmosphere between 200
and 500 hPa. In the subtropics the contribution tends to be
from lower in the atmosphere between 500 and 700 hPa, Over
land, for the Northern Hemisphere winter, most of the contri-
bution to CLR is from the surface (from window bands) and
fram the lowest (300 hPa) layer of the atmosphere.

Figurc 4 shows the regression results for 7, (land only) for
January 1998 based on 6 hourly data, We note that sca surface
temperature (SST) is specificd from observations in both anal-

yses, and we do not consider any differences in the 8ST data.
The regression is carried out on the CLR differences resulting
from perturbing only the ground temperaturc using tf ¢ radi-
alive transfer equation (1), The extent to which the regression
explains the results from the full radiative transfer calculation
is thus a measure of the adequacy of the lincar approximation
for the clfect of T, The cstimated scnsitivity parameter
ACLR/T, = a, (Figurc da) is highest in the middle and high
latitudes (ranging from 1.2 to 1.6 Wm™2 per 1°C change in 7))
and lowest over the tropical land massces. This is consistcnt with
our previous analysis of the various contributions to the CLR
(Figure 2) and refleets the latitudinal dependence of the at-
maspheric moisture content. The explained variance is shown
in Figure 4b. Remarkably, the regression line (5) explairs more
than 90% of the variance over most arcas (Figure 4b). These
results suggest that the sensitivity of CLR to chaages in T, can
be reasonably cstimated by the simple lincar approximation (5)
of the radiative transfer cquation.
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ECMWF ond GEOS2 January 1998
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We arc interested in the ability of the regression to represent
the systematic difference in the CLR ficlds. Figure de¢ shows
the mean ground temperature difference 8T, between the two
data scts for January 1998. The mean temperature diffcrences
arc quite Jarge over the cold continents accounting for most of
the differences in CLR over those regions. Figurc 4d shows the
mean CLR difference from the regression cquation evaluated
for the time mcan 8T,,. Comparison with Figure 1b shows that
the lincar approximation (the regression line) with just 87,
provides a good approximation to the time mean dilferences in
CLR over land. The reader is reminded that the results in
Figure b are computed with the radiative transfer cquation
and include the cffects of ¢, T, and T,,. We shall sec in the next

section that the differences in T, for the most part reflect a
cold bias in this version of GEOS2.

We next obtain an cstimate of 8T, by inverting the regres-
sion cquation (5): i.c., by solving for 8T, using the cstimate of
., For brevily we refer to this estimate of 8T, as the “re-
tricved” value. Figure de shows the difference between our
retricved 8T, and the actual valucs shown in Figurc dc. The
magnitude of the crrors in 8T, arc in most regions less than
1°C. Figure 4f shows that the 95% fiducial intcrvals for the
inverse regression [Draper and Smith, 1981] or retrieved values
are typically 2:3°C. Note that here we only show one side: of the
two-sided confidence interval corresponding to the sign of the
actual crror in Figurc dc.
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Figurc 5 is the same as Figure 4 except {or the mean mois-
ture differcnce in the layer between 200 and 500 hPa (3pw ).
Figure 5a shows the sensitivity parameter (a,,,.,) determined
from the regression

DWW

SCLR(8pw,) = ., Spw, + £. (6)

The spatial pattern of the sensitivity to upper level moisturc is
largely zonally symmetric, with the lowest sensitivity (<3
Wm™%/mm precipitable water in the 200-500 hPa layer) in the
convective regions of the tropics, and increasing sensitivity
away {rom the tropics. A region of cnhanced seasitivity (>9
Wm ™ ¥mm precipitable water in the 200-500 hiPa layer) oceurs
over the subtropical regions of the North Pacific. We note that
bands 2, 7, and 8 (Figurc 2) show a tendency for enhanced
contributions to the CLR from the subtropics especially over
the North Pacific, suggesting the increased sensitivity is coming
largcly from these bands. Figurce 5b shows that the regression
line explains morc than 90% of the variance in the CLR over

most of the globe. Scattered regions of the tropics and sub-
tropics, the extratropical storm tracks, and the Himala/as, ex-
plained variance less than 80%. With those exceptions the
tinear approximation to the full radiative transfer calevlations
for the impact of the upper level moisture appears to te quite
good. Figure S¢ shows the mean difference in the upp :r level
moisturc (Spw,). The differences tend to be n:gative
(GIZ0S2 is wetter) and largest just outside the tropis. The
results of the regression for the time mean SCLR(8pw, ) (Fig-
ure 5d) again show a good approximation to the full calculation
(Figure Ic), suggesting that much of the systematic dif ‘erence
between GEOS2 and ECMWE CLR over the subtropics arc a
result of differences in the upper level moisture. The results of
the inverse caleulation (Figure Sc¢) show that the magnitude of
the errors in the retricval of Spvy, is in most regions less than
0.5 mm. Figure 5[ displays the 95% fiducial intervals on the
retrieved values. The typical values range from 0.3 1o C.5 mm.
Figurc 6 is the same as Figure 5 except for the mean mois- Fé
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turc difference in the layer between 500 hPa and the surface
(8pw,). Figure 6a shows that the sensitivity parameter ()
is about an order of magnitude smaller than the upper level
sensitivity parameter (a,,,,.). The greatest scnsitivity (magni-
tude >1 10 2 Wm™¥mm precipitable waler) occurs at high
latitudes in regions that are probably ice covered. Figure 6b
shows the variance cxplains by the regression ling which ex-
plains more than 90% of the variance in the CLR over most of
the subtropics. Generally, less than 80% of the variance is
explained over the cold continents and the polar regions. Fig-
urc 6¢ shows the mean difference in the lower-level moisture
{S8pw,). The differences tend to be positive (GEOS2 is dricr)
throughout much of the tropics and subtropics, with the largest
values occurring off the west coasts of Africa and South Amer-
ica in regions characterized by the presence of low-level stratus
clouds. There arc some regions with negative values in the
Northern Hemisphere subtropics that coincide with Targe neg-
ative values at upper levels (comparce Figure 5¢). The results of

the regression for the time mean SCLR(8pw,) is shown in
Figure 6d. This shows that some of the negative values along
the west coasts of Africa, South Amcrica, and Africa in the full
calculation (Figures Ta and 1¢) are duc to the differences in the
low-level moisture. Figure 6¢ shows that the magnitude of the
crrors in the retricval of Spaw, is in most regions less than 2
mm, The 95% fiducial intervals (Figure 6f) arc in the range
#2-4 mm with the largest uncertaintics in the Southern Hemi-
sphere and the north polar region,

We next Took more closely at the vertical dependence of the
sensitivity of CLR to moisture. The pancls on the left-hand

side of Figure 7 show the differences between the ECMWE 7

and the GEOS2 time mean moisture. The sensitivity parame-
ters arc the slopes of the regression lines through the scatter-
plots of SCLR versus 8pw (pancls on the right-hand side of
Figurc 7). These are computed, in this case, from the monthly
mcan ficlds, and cach point in the scatterplots represents a
different grid point (occan only). This clearly shows that SCLR
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is most sensitive to Spw in the top layers, The sensitivity de-  dow region. Figure 9 shows the sensitivity parameters ¥

creases the farther the layer is from the top of the atmosphere,
Thus the moisture in the layer close to the surface tends to
have little effect on CLR, consistent with our previous analysis
of the contributions to the total CLR (Figure 2}). Also, above
200 hPa the amount of moisturc is too small to have an ap-
previable impact on the CLR despite the strong sensitivity,
This is illustrated in Figure 8, which shows the relative contri-
hutions by layer to the time mean difference in the CLR due 1o
moisture diffcrences. Between 50 and 90% of the major CLR
differcnees are duc to pw differences between 200 and 500 hPa
and another 10-30% comes from the layer between 500 and
700 hPa,

We next extend the results of the previous analysis 1o con-
sider the case where, in addition to the total CLR measure-
ments, we also have available CLR mcasurcments for the win-

[(\-i:! My l:.v\! oAt

computed scparately for the window region (RadWh, Ie“t-hand
side pancls) and for the total CLR minus RadWan (right-hand
side pancls). The latter consists of the rotation and vidration
and rotation (RVR) bands or nonwindow bands; see dis ;ussion
of Figure 2). A comparison of Figures 93 and 8d shous -hat the
T, scnsitivity in the window region tends to peak in middle
latitudes, while in the nonwindow or RVR, the scusitivity
shows a gencral increase with latitude, As such, the g reatest
sensitivity to T, over the United States, Europe, and parts of
China occurs in the window region. A comparison of Figurcs
9b and 9¢ with Figure Sa shows that the pw,, sensivivity is
dominated by the RVR bands or nonwindow bands, Over the
tropical oceans the sensitivity 1o the low-level moisture is
greatest in the window region (compare Figures 9¢ and 9r).
The large sensitivity over the castern North Pacific and Atlan-
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tic seen in the total CLR calealation (Figure 6a) is due Lo the
nonwindow bands or RVR bands (IFigure 9{).

By considering the lincarization (2) for both the RadWn and
the RVR bands, we obtain two equations relating the CLR
differences in each band to changes in the geophysical param-
cters. If we further limit the approximation of the CLR change
to be primarily the result of just two geophysical paramcters,
we cin estimate or “retrieve” these parameters. The previous
results suggest that over land the CLR differences can be
approximated by

SRadWn = arqaawindTy ¥ Cpamaaway AP, (7
SRVR = argvindT, + vy Wi, (8)
while over occan, the approximation is
SRadWn = e maawm®P Wi + Cpamanwn) 8P4 )
SRVR = t,rvry0PW1 + WpuainviySf/Wh,. (1)

Note that in the above relationships the sensitivity parameters
(the a, in Figurc 9) arc obtaincd from the 6 hourly data

according to (5). By inverting (7)-(8) and (9)-(10), we oblain
the retrieved estimaltes of the differences in the geoy-hysical
paramcters assuming the «, and SRadWn and 6RVR arc
known. For example, the retricved monthly mean diffi:rences
in the geophysical parameters (T,, pw,, and pw,) arc shown
in Figurc 10 (lelt pancls). The actual differcnces in T, pw,,,
and pw, from the full raciative transfer cquation shown carlicr
are presented again in the right-hand pancls to facilitate the
comparison with the estimated valucs. The global mean bias in
the retricved 8T, is —0.04°C. The global mcan roof-mcan-
square crror is 1.77°C, which corresponds to about 7% of the
standard deviation of the truc values. The global mean bias in
the retricval of Spwy, is —~(L1 mm. The rms crror is 0.26 mm,
which corresponds to about 8% of the standard deviation of
the true values. Similarly, the global mean bias in the retricval
of Spw, is 0.4 mm. The rms crror is 2.15 mm, which corre-
sponds to about 207 of the standard deviation of the truc
values.

The above results show that (7) through (10) give a closc
approximation to the mean differences in the ground tecmper-
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ature and moisture and suggest that these relationships can be
used to infer crrors in the geophysical parameters. In the
following scction we examine the differcnces between the syn-
thetic GEOS2 CLR and the CLR from a preliminary CERES/
TRMM data sct.

5. A Comparison With CERES/TRMM CLR
and Rad¥n

In the previous section we compared synthetic clear-sky
fluxes (CLR and RadWn) computed from two 4-DDA data
sets to develop some simple bul quantitative measures of the
scnsitivity of clear-sky Nuxes to changes in ground temperature
and moisture. Insight into the sensitivity of the clear-sky fluxes
1o changcs in these geophysical quantitics was obtaincd by

compuling separately the various band contributions o the
clear-sky {luxes, Reasonable approximations (o the scusitivity
of clear-sky fluxcs to changes in the geophysical paramelers
were obtained with simple Tincar relationships using ground
temperature and moisture in two broad laycrs of the atmo-
sphere (the upper and lower tropospherce) to predict th; clear-
sky lux changes in the RadWn and RVR bands (or nonvindow
bhands): the single predictor relationships (5) and (6) as well as
(he two parameter relationships (7) through (10).

We found that comparcd with ECMWF, GEOS2 has sub-
stantially colder ground temperature during January 198, with
dilferences ranging from 3°C to morc than 7°C over h gh lat-
itudes. Over these repions the sensitivity of CLR T, is
between 1.2 and 1.8 Wm™2 per 1°C, so differences in th ¢ CLR
range from about 5 to 15 Wm ™2 in these regions, whilc parts of
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the Antarctic show differences exceeding 20 Wm™2, We also
showed (Figures 10c and 10f) that compared with ECMWF,
GEOS2 is welter in the upper troposphere during Junuary
1998 with differcnces as large as 2.5 mm over the tropical
occans. In the lower troposphicre, GEOS2 is drier over most of
the tropical occans, with differences as large as 10 miny,

The above results give us confidence in the methodology,
though they only provide us with difference (or “error™) ficlds
relative to the ECMWE products. We will now usc some pre-
liminary CERES/TRMM total CLR and RadWn data for Jan-
uary 1998 (in place of the ECMWT analysis data) to cvaluate
the quality of the GEOS2 ground temperature over fand and
moisturc over the oceans.

The results for the moisture are shown in Figure 11, We will
validate our results against the SSM/I total precipitable water
(TPW). For purposces of illustration and to demonstrate the
reliability of our algorithm, we first apply our methodology to

Ful

the synthetic SCLR and SRadWn data. Here we assuiic that
the ECMWF data arc the ground truth. The results Figure
£1c) show that indeed, we have adjusted the GEOS2 TPW ficld
to be close to that of ECMWE,

We next demonstrate our algorithm by applying it lo the
satellite data (CLR and RadWn) and assume that the tatellite
data are the ground truth. Figures 11d-11f show the results of
applying our algorithm using the January 1998 CERES obscr-
vations of SCLR and sRadWn. Figure {1d indicales that our
moisture between 200 and 500 hPa is cxcessive over the trop-
ical regions, FFigurc 1le indicates that at fow levels GEOS2 is
too dry in subtropical regions around +20°-30” in both hemi-
spheres. The corrected GEOS2 TPW (based on Figures 11d
and ) is shown in Figure HI Comparing with Figure Ha,
we see that the corrections have removed the major bias in the
GEOS2 I'PW ficlds. We note some amount of overcorrection,
especially in the Northern Hemisphere subtropics.
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Finally, we diagnose T, for January 1998, Since we do nol
have global ground temperature observations, we will again
compare with the ECMWF analyses. Figure 12a is the differ-
ence map of the retrieved 8T, minus actual (Figure 10a minus
Figure 10d) based on the ECMWT data. As noted previously,
the global mean bias is —0.04°C, and standard deviation is
1.25°C. This again gives us confidence that our algorithm can
correct the ground temperature to within those error limits,
Figure 12b is the mean difference in the CLR between GEOS2
and the CERES obscrvations over the fand arcas between 40°8
and 40°N (the fraction of the globe covered by the CERES
instrument). Differences are negative over the Sudan, Saudi
Arabia, and India. Positive values occur over southeastern
Australia, southern Africa, the Andes, Central America, north-
crn South America, and the Tibetan highlands. Figure [2¢

P T ATE R
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shows the implicd GEEOS2 T, errors using the algorithm de-
seribed above, The crrors are quite large in some areas. For
example, over the Sudan GEOS2 is more than 10°C 1co cold,
while over southeast Australia, GEOS2 is more than 1:2°C too
warm, Determining the errors in these estimates of the GEOS2
ground temperature bias will require, among other thisgs, re-
liable estimates of the bias in the CERES mcasurcments.

Discussion and Conclusions

We have introduced a simple but quantitative method for
relating errors in model-based estimates of clear-sky logwave
fluxes (CLR and RadWn) o crrors in geophysical para neters,
The primary motivation for this work is the underlying 2 ssump-
tion that by linking the radiation crrors to crrors in e geo-

6.
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physical parameters, we can provide greater insight to the
modecl developer on potential model crrors. We show for a test
casc (January 1998) that the mcthod can potentially be used to
obtain quantitative estimates of crrors in ground temperature
(87,) and moisture (8pw) from satcllite obscrvations. In par-
ticular, onr analysis of synthetic tofal and window repion clear-
shy Tux differences (computed from two different assimilated
data sets) shows that a simple lincar regression cmploying 87,
and broad layer 8pw provides a good approximation to the full
radiative transfer calculations, typically explaining morc than
90% of the 6 hourly variance in the flux differcnces. These
simple regression refations can be inverted to "retrieve™ the
crrors in the peophysical parameters, Uncertainties (normal-
ized by standard deviation) in the monthly mean retricved
parameters range from 7% for 87, to about 20% for the lower
tropospheric moisture (8§pw,).

Qur initial application of the methodology employed an
carly CERES/TRMM data sct (total and window region clear-
sky lonpwave fluxcs) to assess the quality of the GEOS2 data.
The results showed that over the tropical and subtropical
occans, GEOS2 is, in general, too wet in the upper tropo-
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sphere (mean’ bias of 0.99 mm) and too dry in the lower
troposphere (mean bias of —4.7 mm). We note tha: thesc
errors, as well as a cold bias in the ground temperatur 2, have
largely been corrected in the current version of GEQO:2 with
the introduction of a land surface model, a moist turbulence
scheme and the assimilation of SSM/I total precipitablc water.

The methodology deseribed in this paper was developed as a
result of our clforts 1o validate monthly mean ficlds from the
G082 global data assimilation system, but the methodology
should also prove useful for validating the climatological ficlds
of global atmospheric models. The accuracy of the methodol-
ogy depends on the accuracy of the radiation code, surface
cmissivity, the vzone profile, as well as the accuracy of the
satellite estimates of total and window region clear-sky long-
wave fluxes. While the initial resulls arc promising, further
work is required to fully assess the sensitivity to crror in the
input parameters and to account for the mismatch between
satellite observations and grid-scale model fields.
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