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Abstract—The stability and accuracy of the TOPEX Microwave in globally-averaged mean sea levels with 9.5 mm amplitude,
Radiometer (TMR) measurement of the atmospheric path delay which they related to the global water cycle.
due to water vapor is assessed over the interval from launch A critical supporting measurement for the sea level deter-

(August 1992) through June 1998. Detailed global comparisons . . . . . .
are made with path delays derived from the special sensor mi- minations is provided by the TOPEX microwave radiometer

crowave imager (SSM/I) instruments and a network of 15 island (TMR), a three-channel, nadir-viewing instrument that mea-
radiosondes. The results provide consistent evidence that the sures the water vapor-induced delay in the radar path [6]-[8]. In

TMR path delay measurements included an instrument-related terms of path length, the vapor-induced delay produces 40-900
downward drift of 1.0-1.5 mm/yr between October 1992 and |, additional path delay, highly variable in time and space,

December of 1996. The four-year drift correlates with an upward for the t ltimet . L Th .. . tf
drift seen in the coldest TMR 18-GHz brightness temperature or the two-way alimeter signal. the mission requirement tor

time series and is further supported by independent comparisons TMR performance, 12 mm root mean square (rms) accuracy
of TMR with ERS-1 and 2, GPS, and the Harvest Platform water [1], appeared to be satisfied following algorithm tuning imple-
vapor radiometer measurements. From January 1997 through mented after the first six months’ cal/val phase [9]. However,
June 1998, no significant relative path delay drift between TMR it gver six years of operation now completed, much more
and SSM/I is seen in the comparison data, although anomalies do - .
appear in early 1998. In terms of accuracy, both the SSM/I and _extens_lve evalua'_tlon of '_[he TMR perfprman_ce can be made,
radiosonde comparisons indicate no significant 2%) scale error  including comparisons with other satellite radiometers [10] and
inthe TMR path delay. An overall bias of <10 mm may be present, analysis of long term instrument drifts [11], [12]. These evalua-
but the comparisons are not consistent in this determination. tions have become meaningful at the level of millimeters, as the
Index Terms—Microwave radio propagation, microwave ra- demonstrated altimetric precision has approached or surpassed
diometry, meteorological factors, path delay, radiosondes, remote the centimeter level in both the spatial and temporal domains.
sensing. For example, the predicted response of the ocean to greenhouse
warming is a global sea level rise ef3—-6 mm/yr [13], and
I. INTRODUCTION investjgators have attempted to extract trend; of even smaller
) . _ magnitude from the TOPEX data [14]. Potential altimeter and
S'(NCE its launch in August 1992, the TOPEX/Poseidopadiometer instrument drifts must be carefully monitored at
T/P) satellite mission has established new standards {apse levels in order to extract the correct geophysical trends.
the accuracy and precision of altimetric measurements Qftchum [15] showed that comparisons of the TOPEX sea level
sea surface height. The original mission requirements [1] fgfeasurements with the global tide gauge network indicated
the T/P system called for a root-sum-squared error in a IgSre|ative drift of ~2 mm/yr (TOPEX decreasing) over the
sample of sea surface height above the ellipsoid of 137 mMiyg2_1997 interval, a signal comparable in magnitude to the
Shortly after launch, the error was assessed to be 47 mm 2t predicted by greenhouse warming. Because the trend
and today, the value is believed to be closer to 43 mm (Fehhipited a latitude dependence (higher trends in wet, tropical
1999, pers. comm.). However, with appropriate space-timggions), a downward fractional drift in the TMR path delay
filtering, investigators have retrieved much smaller signalsgrection was considered as a possible explanation.
utilizing knowledge of the signal's space-time correlation The Mitchum tide gauge results, well known within the satel-
and propogation characteristics. For example, Le Provost apd aitimetry community prior to its 1998 publication [15], pro-
coworkers [3] recovered the major tidal constituents from TARded the primary motivation for the recent attempts to assess
and a numerical model of 28 mm. Chambers and coworkeigssible TMR path delay drifts of order 1 mm/yr. These studies,
[4] related seasonal sea level changes to oceanic heat stoi@&ribed briefly in Section 111, yield fairly consistent results
rates, detecting signals of order 1 Wirtequivalent to~2 i terms of TMR drifts relative to independent measurements
mm of sea level variation) when averaged over entire ocegfihe vapor-induced path delay. However, the results may be
basins. Minster and co-workers [5] detected seasonal chang@gstioned due to sparseness and site-specific limitations of the
ground-based independent measurements and calibration drift
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The first glo_bal comparison data s_et selected denyes from the FROM RAGE e oS- Y2 o SiTES
series of special sensor microwave imager (SSM/I) instruments &g

flown by the Defense Meteorological Satellite Program (DMSP) 571 w8k

[16]. The SSM/I instrument consists of a seven-channel, four- . Boo
frequency radiometer operating at 19.3, 22.2, 37.0, and 85.5 655 oo
GHz. All channels receive both vertically and horizontally po- & s 5 *
larized radiation at an earth-incidence angle of 53.44th the g N . .
exception of the 22.2 GHz channel, which receives vertical only. 63 e e Reae . &
The conical scan geometry produces nearly complete global 82 )
coverage over 24-h intervals. 6.1 - -
An initial concern with SSM/I-TMR global comparisons was &3 o P %o 40 s 6,0* o 80
a possible diurnal effect due to the differences in the SSM/I and Vz = INTEGRATED VAPOR (mm)
TMR orbits. The SSM/I orbits are sun-synchronous (near con-
stant ascending and descending ground track local times), while | © CAMPBELL 5358 = KWAJALEIN.GN + MIDWAY, 28N

the TMR ground track local time is uniformily distributed over
the entire day. Thus, SSM/I and TMR averages might be exg 1. Relationship between columnar vaér and zenith wet path delay
pected to differ due to persistent diurnal patterns. To evaluat® derived from radiosonde computations.
this effect, we examined the dependence of TMR-derived path
delays on local time for narrow latitude bins using the first thl’aﬁary discussion is presented in Section VI, including comments
years of data. We found no significant diurnal signal in the rén the limitations of the comparison analyses.
sults, with typical peak-to-peak scatter of less than 3% in path
delay, indicating that global comparisons of over-ocean watef], SSM/I AND RADIOSONDES VERSUSTMR: COMPARISON
vapor abundances are not biased by diurnal effects. METHODOLOGY

Geophysical data products derived from the Wentz ([17]
[18]) algorithms were obtained from the Remote Sensin
Systems web site. The water vapor-related data product is
precipitable water vapor column, which is closely related

' With nearly complete global coverage every 24 h, the SSM/I
ta provide an excellent source for comparisons with TMR
aEEh delay measurements. In the present study, we used the

path delay (see Section Il). Intercalibration of the four SSM SM/I data processed by Wentz [17], [18]. The SSM/I data

instruments (DMSP satellites FO8, F10, F11, and F13) includg(rjodUCt most closely related to path delay is integrated vapor,

in the study was done in the antenna temperature domain usﬁ’rl]d a conversion is required from integrated vapor to radar path

collocated data obtained when the two most recent instrumen?gay that accounts for theTLAT = Kelvin temperature) de-

. o . . . ‘pendence of the vapor-induced refractivity. The conversion uti-
were both operational, resulting in an estimated intercalibration : : :

. : 1zes the correlation between high vapor content and high tropo-

accuracy of 0.1 K [17]. It is our view that the ocean coverage : X . )

sghenc temperatures estimated from island radiosondes. From

number O.f channels, and demonstrated quality of the geophgach radiosonde profile of temperature and humidity, both in-
ical algorithms make the SSM/I data an excellent comparison

set for the six year TMR evaluation. egrated vapol z and path delay’D are computed as in [8],

ing the Boudouris [19] formulation for the vapor-induced re-

. . S
The second selected comparison data set consists of a gqubaaétivity Fig. 1 shows a scatterplot of the rafitD /V = against
network of 15 island radiosonde stations that lie within 300 k combuted from three island radiosonde data archives. which

Z
of the TOPEX groundtrack. Data from these stations were us . - » .
to establish the final production mode algorithms for TMR folgi%resem dry, moderate, and high humidity conditions. A fit to

A X . the data provides the conversion algorithm that was applied to
lowing the cal/val phase [9]. The continuous accumulation P g PP

radiosonde data from these sites provides a critical ground re e SSMAVz data:

erence archive for TMR evaluation, which does not depend onpp — 6.759 V2 — 0.0291 % V22 +0.00031 * V3. (1)
radiometric calibration.

This paper is organized as follows. In Section II, the method- In (1), bothPD andV z are measured in mm, and the formal
ology for comparing SSM/I and radiosonde data with TMHt error is 2.0 mm. Uncertainties in (1) conversion are impor-
measurements in the path delay domain is described. In Stat when determining relative offsets and scale errors between
tion 1ll, the TMR drift relative to SSM/I is evaluated over theSSM/l and TMR (see Section V) but have no significant effect
1992-1998 time frame, including dependencies of the drift @am inferred time trends of the SSM/I-TMR path delay differ-
latitude and path delay level. Section Il also includes TMR dri&nces.
results derived by other investigators using ground-based andFor the results to be presented, both SSM/l and TMR path de-
satellite data. In Section IV, we describe an analysis of long-tetays were averaged over the same 30 dayatltude x 1° lon-

TMR brightness temperature time series data, which separajéade bins, then differenced at those bins that contained both
instrument-related drifts from atmospheric effects. The resulBSM/l and TMR data. The SSM/I bins included data from all
are examined in terms of their consistency with the TMR pa#fatellites operating at the specified time (F10, F11 for August
delay drifts inferred from the comparison data. In Section V, w992 through April 1995; F10, F11, F13 for May 1995 through
present constraints on TMR path delay offset and scale erréysril 1997; F11, F13, F14 for May 1997 through June 1998).
provided by the SSM/I and radiosonde comparisons. A suM/fth nearly complete areal coverage over 24 h, the conical scan-
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over-ocean SSM/I data were made, either in the brightness tem-
perature or path delay domains. Thus, the absolute comparisons
remain meaningful.

The SSM/I-TMR difference trend (Fig. 2, lower panel)
shows three distinct regimes. Between 10/92 and 12/96 there
is a well-defined trend with a fitted slope of 1.4Q.2) mm/yr
(TMR decreasing relative to SSM/I). Near the beginning of
1997, the difference trend appears to stop uniill/97, when a
~2-4 mm jump occurs. The curve recovers between 6/98 and
6/99 (not shown), suggesting that the late 1997 jump may be
related to an aspect of the El Nifio event, which impacted the

SSM/I and TMR measurement statistics somewhat differently.
Additional data will be required to evaluate the late 1998 and
later trends. However, as will be shown in Section 1V, the
SSM/I-TMR behavior between October 1992 and October
1997 correlates closely with a derived instrument-related drift
Fig. 2. Time history comparison between TMR- and SSM/I—dgrived globah the TMR 18-GHz channel.

e e e o S g VAo et Fg: 2 charcterzes the global SSMITIR path delay difer-
shows absolute values for both instruments. Lower panel shows the differefidc€S. We also binned the SSM/I-TMR data by both latitude and
time history. path delay level to look for regional dependencies comparable
to those seen in the Mitchum [15] TOPEX-tide gauge sea level

ning SSM/I instruments produce many hundreds of individu%ﬂnference study. Mitchum found trends in the tropiiaf{ <

measurements in each bin. The nadir viewing TMR, w00 5°) ~ three times greater than the trends in the extratropical
km groundtrack separation at the equator ardl day repeat (laf 3 t'15 ) regllonst.hF|g. 3;23;\'63 ]Ehe SISl;\/I HMR monthdly—a;/- ¢
orbit, produces fewer than 50 individual measurements for coy-29ed IMe series throug for giobal, fropics, and extrat-
ered bins. However, the adopted approach prodse000 ropical subsets. The fitted curves include both annual and linear

comparison points per month with global representation sui’]rf)r:dps()&e)msthirlﬂgg :gstgfssrxﬁver;ot;gg'g‘@?t_?&;fgrg#ggie
cient to average down the large temporal decorrelation error: inned by TMR path gela .Ievel (Fig. 4), we also see no sta-
associated with each comparison point and clearly identify r%?— : oy ' MR path delay 9. %),

istically significant variation in the computed trends. Based on

ative trends in path delay of order 1 mm/yr. : : .
The radiosonde comparison data were obtained from 15 snigﬁ SSM/I comparisons, we conclude that there is no evidence

island sites lying within 300 km of the TOPEX groundtrack.O support a significant dependence of the TMR time drift on

The radiosonde site locations and groundtrack separations Sgﬂzr;igt#]dzr?sropnagztdv\?elg It?/\\//oels;atellite radiometers. subiect to
be found in [9]. Only data within 6 h of radiosonde launch at P , SUbj

the times of closest approach were included. The 300 km an €ny of the same potential errors, the measured SSM/I-TMR

h limits on the spatial and temporal separation were chosen Jgr %t“iﬁ df”tf:] cc:u:;ji trf ?t:”blcj;[tehd rto |rr1§trurri'nerrlt ?/\r/:];th mi tﬁ”??;
compromise between the desire to limit decorrelation errors aﬁg o'h of the radiometers. Er comparisons either the

still produce a sufficiently large sample for statistical reliability; M/l or TMR path delays (or both) are required to properly

. . : . a terpret the SSM/I-TMR results. One such comparison is pro-
:;]rtnesr\:;sulted Im-3100 comparison points over the 1992 199\%;ded by the radiosonde data base described in Section II. Anal-

ysis of the data through December 1996 reveals a relative trend
of 1.3 (& 1.0) mm/yr (TMR-radiosonde decreasing), consistent
with that found in SSM/I-TMR, but with much larger uncer-
tainty. The main contributors to the uncertainty are the temporal
Time histories of the 30 day global averages of binned SSMihd spatial decorrelation in the 300 km, 6 h window and the
and TMR path delay data are shown in Fig. 2 for the pericgparseness of the data set (relative to SSM/I-TMR). To mini-
October 1992, shortly after TOPEX launch, to June 1998. Eantize these effects, the radiosonde-TMR differences were com-
point in the plots represents the weighted average (by cospited as 90 day running averages. However, even after such
latitude) of all T x 1° bins, which included both SSM/I and smoothing, systematic seasonal fluctuations remained (only two
TMR data over the 30-day interval. In terms of absolute meaf the radiosonde sites are in the Southern Hemisphere), which
surement, the agreement between SSM/I and TMR global aviimited the accuracy of the radiosonde-TMR trend estimate to
ages is exceptionally close (withia5 mm, upper panel) with ~ +1.0 mm/yr.
comparable seasonal variations but with differences that clearlyOther investigators have compared the TMR path delay time
increase with time and have no apparent seasonality. The eddhavior to the radiometers aboard ERS-1 and ERS-2 ([10];
agreement may partially result from the use of Amazon raldrbanet al, 1998, pers. comm.) to GPS data [11] and to a
forest SSM/I data in the TMR cal/val phase [9]. However, thground-based water vapor radiometer at the Harvest oil plat-
data was used only to calibrate the TMR high end (over lanfyrm [12], and they have found results consistent with our de-
brightness temperatures, and no cal/val phase comparisons wiitad SSM/I-TMR trend for the 1992-1996 time period. These

o N O O O
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\
L i YEAR ‘
1993 1994 1995 1996 1997 1998

Il. TIME “DRIFT” IN TMR PATH DELAY
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@ Fig. 4. Linear fit trends of SSM/I-TMR path delay differences determined for
MONTH-AVERAGED PDSSMI-PDTMR 20 mm bins of TMR path delay values.
TROPICS {ILAT! < 15) THROUGH 1996
15
£ SOLID LINE = FIT OF LINEAR TRE] D+AN1\LUALCO PONENT TABLE |
BE? TREND =[1.55 +/- 0,29 mmly 7 W TMR PATH DELAY TIME DRIFT COMPARISONS
E 10
0
% ﬂ ﬁ DATA BASE TIME PERIOD TREND AUTHOR
3 s it A NTIR | (mm/yr)
= f Z/& TMR - WVR at Harvest  11/92-12/96  -1.9 +/- 1.2 Kubitschek et al. [12]
<< i
s % b TMR - GPS 10/92--8/97  -1.2+/- 0.4 Haines and
E ° 7% T p Bar-Sever, [11]
% TMR - ERS-1,2 10/92-10/96  -1.3 +/- 0.3 Stum [10], + pers.
5 comm., 1998)
925 93 93.5 94 945 95 95.5 96 96.5 97
YEAR TMR — ERS-1,2 1/93 - 6/96 -1.6 +/- (0.1 Urban et al., pers.
Comm., 1998
(b)
MONTH-AVERAGED PDSSMI-PDTMR TMR — ERS-1,2 6/95 - 12/97 -0.8 +/- 0.4 Urban et a;l.,ggers .
NON-TROPICS (ILATI > 15) THROUGH 1996 Comm., 19
15 TMR - Radiosondes 10/92 - 12/96  -1.3 +/- 1.0 (this study)
SOLID| LINE = FIT OF LINEAR TREND + ANNUAL COMPONENT
FREND =(1.29 +/- 017 mm/y| TMR — SSM/L 10/92 - 12/96  -1.4 +/- 0.2 (this study)

10

i
X@ﬁ%ﬁlﬂg The GPS comparison was also limited to a small set (four
Tk S Mﬁﬂﬁ stations) spanning the period from late 1992 to late 1997. The
0 *%E[ B oM | 8 adopted best estimate drift ef1.2 &+ 0.4 mm/yr was based on
Xfé %} only two GPS stations (Metsahovi and Onsala) with 45—-70 km
5 groundtrack separation and 375 comparison points.
R The TMR-ERS result of Stum;-1.3+ 0.3 mm/yr, is based
on~ four years of comparisons with TMR at14 000 crossover
© points with less than 1 h time difference, and represents an up-
Fig.3. SSM/I-TMR path delay differences through 1996 derived using 30 d}qted value from an earlier three year study [10]. The results of
averages for (a) global, (b) tropics, and (c) extra-tropics data sets. Urban and coworkers are consistent with both the Stum results
and the cessation of the drift early in 1997.
results are summarized in Table I, along with the trend findingsIn summary, a drift of~1.3 to—1.4 mm/yr in the TMR-de-
from the present study. rived path delay over the 10/92-12/96 interval is supported by
The Harvest Platform WVR comparisons with TMR patfa wealth of independent data sets and studies. Wentz's claim
delay were coincident in time (to within a few seconds) and7] of 0.1 K intercalibration accuracy in SSM/I antenna tem-
closely collocated spatially<30 km separation). However, theperatures is supported by the absence of discernible discontinu-
data base was limited to one comparison point per cycle, aitids in the SSM/I-TMR difference and the corroboration of the
the sparseness of the data accounts for the large statisticalather TMR comparison studies. The cessation of the TMR drift
certainty of the trend fit. by early 1997, indicated by the SSM/I-TMR results of Fig. 2, is

MONTH MEAN PDSSMI-PDTMR {mm)
&)
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supported by direct evidence from an analysis of the time varia- TMR CYCLE-AVERAGED "COLD REFERENCE" T8

tion of the TMR cold reference brightness temperature statistics, 125

as described in the following section. 1048 ,
LAY

124.4 \ y
AT

vasr— o JW0aL |
VL

IV. TMR Tb DRIFTS. SEPARATION OF INSTRUMENTAL AND
ATMOSPHERICEFFECTS

To assess the instrumental cause of the TMR path delay
drift, we selected a subset of the brightness temperature data
that included only measurements within 10 K of the theoretical

TB18 COLD REFERENCE (K)

over-ocean minimum for each channel. This “cold” data subset, Ez: 'v/ Vv

which excludes cloudy and high wind conditions and restricts -

the analysis to extremely dry conditions, is expected to be least 'n

affected by possible long term trends in either atmospheric %% 93 94 9% % 97 98 99
or ocean surface parameters. In the analysis, a cold reference FRACTIONAL YEAR

temperature is calculated for each TMR channel and cycle by (@)

extrapolating the cumulative distribution histograms of the cold TMR CYCLE-AVERAGED "COLD REFERENCE" TB

: : 21 GHz CHANNEL
subsets to the 0% occurrence value. This approach effectively :

removes any residual component of atmosphere-related or
ocean-related variability, and any measurable time trends in the
computed cold reference temperature should be indicative of 5 132
drifts in the instrument. The methodology, described in detail
by Ruf [20], is useful for cross-calibrating different satellite
radiometers as well as for monitoring individual instruments’
calibration drift.

For our purposes, we computed 30-day running averages 11
of the TMR cold reference brightness temperatures between v 'V V '
October 1992 and June 1998 (Fig. 5). In the 18-GHz channel
[Fig. 5(a)], a clear upward trend (0.27 K/yr by linear regression) 1305
is seen in the time series, beginning at launch and ending in B W e P
the December 1996-January 1997 time frame. This feature

strongly correlates with the SSM/I-TMR path delay difference ()
TMR CYCLE-AVERAGED "COLD REFERENCE" TB

1325

13151

TB21 COLD REFERENC

seen in Fig. 2(b), further confirming that the relative drift is 27 GHz CHANNEL
attributable to a TMR instrument drift. The fact that no statisti- 154
cally significant drift can be seen in the TMR 21 and 37 GHz 153.8
channels [Fig. 5(b) and (c)] suggests that the 18-GHz channel ¢ 53¢ , L
drift may completely account for the SSM/I-TMR trend results. & .., [\ [N ’\ vl\v. \ A/\« H l
The effect of the 18 GHz channel cold reference brightness é 1532 f H\ﬂ IL A[ J \ \I\ v ] H
temperature drift on the retrieved path delay can be estimated & ©1 M VY[V AT |V F] v
using the approximate global algorithm developed for TMR [8] £ 152:
(_jl -Q
PD(in mm) = constant- 4.8 - TB18 5 1526
+7.3-TB21— 0.8 - TB37 1524
J(PD) /ot = —4.8 - (TB18) /0t ‘st'j
+7.3-8(TB21)/0t — 0.8 - 9(TB37)/0t. 2 K % 9% % 97 98 99
FRACTIONAL YEAR
@) ©

Substituting values of 0.27, 0, and O for the TB time derivativesyg. 5. Cycle-averaged “cold reference” TMR brightness temperatures
in (2) yie|d38(PD)/8t —1.3 mml/yr, equivalent to the result through mid-1998 (see text). (a) 18-GHz channel, (b) 21-GHz channel, and (c)
of the SSM/I-TMR global trend comparison and consistent wih -Gz channel.

the other drift assessments shown in Table I.

The source of the 18-GHz channel instrument drift has beamining raw calibration counts from the cold space-viewing
tentatively identified as a gradual change in the isolation levéisrns, which were recorded on the TMR sensor data record
and/or insertion losses between ports of the latching ferrite carchives. Ideally, the cold space horn counts are sensitive only
culator (cal switch) that switches the source of radiation to thethe cosmic background brightness temperature? K ob-
radiometer receivers between the earth-viewing main antenserved by the calibration horns, together with instrument hard-
the cold space-viewing calibration horns, and the warm loadare self-emission, which is corrected for in the antenna tem-
waveguide terminations. The change has been identified by @erature calibration algorithm. There is also a small contribution
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to the cold counts from emission by the Earth entering the ma PDRAO%\L/SA;?&?AIE‘E%X‘?HUQ&?G%%QHSONS
antenna due to imperfect isolation in the cal switch. This contri = 45

bution was determined during preflight thermal/vacuum testin
and is also accounted for by the antenna temperature calibi
tion algorithm. The contribution to the cold counts by the eartl 350 =
emission can also be monitored in flight. Cold counts over col _ 30

-l =)
400 = -

E‘Jnm

. s a
ocean and over warm land brightness temperatures exhibita s' g 250 i
tematic difference that corresponds~0.5 K when converted @ [%'
using the appropriate radiometer gain relation. This difference § 200 o 8

consistent with preflight tests of the cal switch isolation. How- —~ 1501
ever, the cycle-averaged land-ocean cold counts were found 4.

have a gradual drift at 18 GHz during 1993-1996, roughly cor |
sistent with the 0.27 K/yr drift in the cold reference brightnes: 50
temperature calibration. During the same period, there was 1 e 10 1% 0 20 an o0 4o 4

discernible drift in the land-ocean cold counts at 21 and 37 GH: PDTMR {mm)

In addition, the drift in the land-ocean cold counts at 18 GHz

appears to level off in 1997, also consistent with the nature 6. 6. Scatterplot of radiosonde versus TMR-derived wet path delays6or
the cold reference brightness temperature drift. A precise cofin300 km colocation through April 1997.

par.ison. between the identified 0.27 K/yr drift and the dr_ift in PDSSMI VS PDTMR; 1-MONTH GLOBAL DATA

calibration that would result from the observed change in th MONTH SINCE SEPTEMBER, 1997 = 30

isolation of the cal switch is, however, difficult due to the small 400
size of the leakage signal and to the uncertainty in the radiomet g5,
gain equation needed to convert cold counts to equivalent brigt

ness temperatures. The exact cause or causes of the chang  3® o
cal switch isolation is still under investigation. ’g 250 e
= 200 5 i
V. TMR SCALE ERROR SSM/I AND RADIOSONDE 3
COMPARISONS £ 150 e
In addition to the time drift results, the SSMI-TMR and ra- 1007 ¥
diosonde-TMR comparisons provide an estimate of the TMI
performance in terms of retrieved path delay offsets and scale (
rors. Errors that vary with the path delay level (scale errors) al o5 50 100 150 200 250 8300 350 400
particularly troublesome, producing false sealevel gradients, € PDTMR (mm)

pecially in the meridional direction, which would be improperly _

interpreted as meridional sea level slopes and zonal ocean traifs-/- Scatterplot of SSM/l versus TMR-derived wet path delays for 30-day
. . average, 1latitude x 1° longitude bins, March, 1995.

port. For example, a 5% scale error in the TMR-derived wet

delay correction would be erroneously interpreted as2acm
equator-to-pole sea level difference.

The analysis is complicated by the restricted upper and lo

which suggests a-4% scale error in TMR estimates &fD.
The problem with this approach is that comparison points at the

limits of heri h del d by the f h "V\f v and high ends of the path delay distribution skew the deter-
Imits of atmospheric wet path delay and by the fact that a ination of scale error due to the finite limits of the measured

the data sets are subject to errors of similar magnitude, includi |%perty.
decorrelation errors in the comparisons of measurements se “or example, at the low end, path delay measurements
arated in time and/or space. The analysis is not compromi%e er fall belovx;w 20 mm. Thus f,or TMR path delay values
by the TMR drift error identified in Section Ill. Removal of the proaching 20 mm, the radioéonde and SSM/I comparison
drift produces no significant change in the scale error results Sints are necessariI;/ biased high due to the 20 mm path delay
scribed hereafter,_and_on_lya3—4 mm change in the offset res or. At the high end of TMR path delays, the radiosonde and
far beloyv uncertainty limits due to ot_her error sources. SSM/I comparison points are biased low due to the scarcity
Consujer the scaiterplots of radiosonde versus TM_R pa&p measured path delay values exceeding 400 mm. If the
delay (Fig. 6) and S.SMI versus TMR path delay (.F'g‘ 7]’adiosonde or SSM/I path delays are considered the indepen-
iny one representative month of .the .SSM/I comparison da&ént variable, then the opposite conclusion is reached. This
|s.shown (out of over 10 data pqlnts in the 68 mqnths 01Echaracteristic of the comparisons is most clearly illustrated by
th's_ study) for clarity. Standard linear regression fits to th inning the differences as functions of the measured quantity.
radiosonde versus TMR and all of the SSM/I versus TMR pa; f the present cases, the apparent scale error changes sign
delay data yield depending on whether the difference data is binned by TMR
path delay level or radiosonde (SSM/I) path delay level.
PDraob(mm) =2.5 + 0.9578 « PDtmr (328)  To properly account for the fact that the two data sets in the
PDssmi(mm) =7.6 + 0.9583 « P Dtmr (3b) scatterplots contain errors (and their finite extent), we use a
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modified least squares regression, in which the quantity mimdf squared vertical differences. The resulting fits to the SSM/I

mized is the sum of squared distances to the data points mearsus TMR and radiosonde versus TMR data yield apparent
sured normal to the regression line, as opposed to the standBMR scale errors less than 2% and comparable to the statistical
approach, in which the vertical separation between data and lereor of the slope determinations. Derived offsets are less than

is minimized.

10 mm in magnitude, a level that is subject to numerous uncer-

When the orthogonal least squares regression is applied tothiaties (e.g. radiosonde measurement errors and the-PD
10/92-12/96 radiosonde versus TMR and SSM/I versus TMRnversion of the SSM/I data) in the comparisons with TMR.

data sets, the following fits result:

It is important to note that the primary data source for in-

flight calibration and verification of all satellite radiometer mea-

PDraob=—8.4+ 1.017 x PDtmr
PDssmi =3.2 4+ 0.992 x PDtmr.

(4a)
(4b)

Within the formal uncertainties of the calculated fits, th
slopes derived from the radiosonde versus TMR and SSM,
versus TMR comparisons are not significantly different frorj
unity. The derived offsets are well within the TMR path dela
error budget specification (12 mm) and are subject to numer
uncertainties at the 5-10 mm level. Based on these results
conclude that no significant offset~>L0 mm) or scale error .
(>2%) is present in the global TMR path delay correctio
measurements relative to either SSM/I or the island radiosonde
reference data.

surements of tropospheric water vapor and path delay is ra-
diosondes. Thus, differences in radiosonde processing, errors
in radiosonde humidity measurements (which may vary with
éhe selected radiosonde archive), and differences in the filtering
niteria used to eliminate questionable radiosonde data can all
ontribute to calibration errors at the few percent level of

ath delay. These uncertainties likely limit our ability to cali-
g\te satellite radiometer measurements of path delay to better
tW%n ~3% in scale error ang-10 mm in offset from either di-
"rect radiosonde comparisons or comparisons with other satellite
ipstruments.
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