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Retrieving Layer Averaged Tropospheric
Humidity from Advanced Technology
Microwave Sounder (ATMS) Water Vapor

Channels

Isaac Moradi, Ralph Ferraro, Brian Soden, Patrick Eriksson, and Phillip Arkin

Abstract

A method is presented to calculate layer-averaged tropospheric humidity (LAH) from the observations of the
Advanced Technology Microwave Sounder (ATMS) water vapor channels. The method is based on a linear relation
between the satellite brightness temperatures (Tb) and natural logarithm of Jacobian weighted humidity. The empirical
coefficients of this linear relation were calculated using different datasets as well as a fast and a line-by-line radiative
transfer (RT) model. It was found that the coefficients do not significantly depend on the dataset or the RT model.
This Tb to LAH transformation method can be applied to either original or limb corrected ATMS Tbs. The method
was validated using both simulated and observed ATMS Tbs. The systematic difference between the estimated
and calculated LAH values was lass than 10 % in most cases. We also tested the transformation method using a
fixed Jacobian for each channel. The bias generally increases when fixed Jacobians are used, but there is still a
satisfactory agreement between estimated and calculated LAH values. In addition, the spatial distribution of the bias
was investigated using the European Center for Medium range Weather Forecasting (ECMWEF) Interim Reanalysis
(ERA-interim) and collocated ATMS observations. The bias did not indicate any significant regional dependency
when actual Jacobians were used, but in the case of fixed Jacobians, the bias generally increased from mid-latitude

towards the poles.
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I. INTRODUCTION

Atmospheric water vapor significantly contributes to the Earth’s radiation budget and is a critical variable for
climate studies. It is the dominant natural greenhouse gas and the largest known feedback mechanisms for amplifying
global warming. Tropospheric humidity both directly and indirectly affects the hydrological cycle [1] as well as
strongly contributes to the water vapor feedback, especially in mid-upper troposphere, owing to the low temperatures
at those altitudes [2], [3]. All climate models predict that the atmosphere will moisten in response to increasing
greenhouse gases. The concentration of water vapor in the upper troposphere is projected to double by the end of
the century. However the fractional increase in upper tropospheric water vapor will be roughly three times as large
as that for the lower troposphere, even though the relative humidity remains (nearly) constant at all levels. This
amplified moistening in response to the surface warming not only highlights the significance of tropospheric water
vapor as a feedback mechanism, but also underscores the importance of long-term monitoring of water vapor to
the detection and attribution of climate change. The large increase in upper tropospheric water vapor relative to
other levels is due to two processes. First, the Clausius-Clapeyron equation dictates that the fractional increase in
1 de,

saturation vapor pressure (es) scales according to -

Fras T—2. Thus, under constant relative humidity, the change

in vapor pressure resulting from a 1 K warming at T=200 K will be more than twice that obtained at T=300 K.
Secondly, most climate models predict a reduction in lapse-rate with increasing surface temperature. Thus the upper
troposphere tends to warm more than the lower troposphere, further amplifying the upper tropospheric moistening
(2], [4], [5].

Satellite and radiosonde data are the main sources that provide information about tropospheric humidity. Ra-
diosonde data have higher vertical resolution than satellite data, but radiosonde data are only available from around
1500 upper air stations while satellite data have global coverage. In addition, previous studies, e.g. [6]-[9], show
that radiosonde data are prone to several errors, including contamination, sensor design, calibration, and data
processing, particularly in the dry and cold conditions of the middle to upper troposphere. Satellite data have global
coverage with fine spatial resolution and are operationally available every few hours. However, satellite observations
provide layer averages and do not resolve finer vertical structures of the tropospheric humidity. In addition, satellite
data are measured in terms of radiance or brightness temperature (Tb); therefore transformation algorithms are
required to convert the satellite Tb’s to geophysical variables such as water vapor. The main techniques to retrieve
tropospheric humidity from the satellite observations include: (i) inversion methods to retrieve the vertical profiles
from layer-averaged radiances, and (ii) direct transformation techniques to directly convert layer-averaged Tb’s to
layer-averaged humidity. The inversion techniques are computationally expensive, require complicated calculations,
a-priori profiles, and some pre-calculated statistical inputs to initialize the retrievals.

A computationally effective technique was introduced by Soden and Bretherton [10], hereafter refereed to as
SB93, to transform satellite observations from infrared (IR) sensors into Upper Tropospheric Humidity (UTH).
Spencer and Braswell [11] showed that the same technique can be applied to the microwave observations from the

Special Sensor Microwave Water Vapor Sounder (SSM-T2) instrument (channels 183+1,3,7), but did not provide



any further analysis such as the empirical coefficients. Buehler and John [12] examined this technique for retrieving
UTH from the observations of the Advanced Microwave Sounding Unit (AMSU-B) instrument and provided an
in-depth error analysis as well as a table for the empirical coefficients as a function of scan angle for channel 18341
GHz. In this study, we extend the technique to transform the Advanced Technology Microwave Sounder (ATMS)
radiances into layer-averaged humidity. The basic relation presented in the current paper is slightly different from
the original version introduced by Soden and Bretherton [10], but similar to the relation that was used by Spencer
and Braswell [11] and Buehler and John [12]. However, we employ two different techniques to transform satellite
observations into tropospheric humidity, including calculating the empirical coefficients of the transformation method
as a function of scan angle as well as a technique to correct the satellite data for limb darkening effect then applying
the same coefficients to the observations from different beam positions. Buehler and John [12] only examined the
relation for 183+1 GHz which is sensitive to UTH, but we examine the relation for five ATMS water vapor channels
which are sensitive to upper to lower tropospheric humidity. We also provide detailed error analysis, examine the
effect of the dataset and radiative transfer (RT) models on the empirical coefficients, and provide a comprehensive
validation and evaluation including the spatial distribution of the errors. Generally, these conversion techniques
are very simple and computationally effective, and unlike inversion techniques do not require extensive radiative
transfer calculations. The only input is the calibrated satellite data in terms of brightness temperature.

Section II introduces the satellite and atmospheric datasets that we used in this study, Section III explains the
methodology and transformation method, Section IV presents the validation using independent datasets as well as

the ATMS observations, and Section V summarizes the study.

II. SATELLITE INSTRUMENT AND ATMOSPHERIC PROFILES
A. ATMS Instrument

ATMS is a total-power radiometer and employs 22 channels operating at microwave frequencies from 23.8 GHz
to 190.31 GHz. ATMS is a cross-track microwave sounder that combines the capabilities of the previous microwave
temperature and humidity sounders, i.e. AMSU-A, -B, and Microwave Humidity Sounder (MHS), aboard NOAA’s
Polar-orbiting Operational Environmental Satellite System (POES). ATMS is planned to fly on the United States
next generation polar-orbiting operational environmental satellite system named as the Joint Polar Satellite System
(JPSS). This sensor is currently flying on the Suomi National Polar-orbiting Partnership (S-NPP) satellite, launched
in October 2011, which is in a Sun-synchronous orbit with the ascending equatorial crossing time at 13:30, an
altitude of 824 km, inclination of 97.1°, and an orbital period of 101 minutes. The ATMS water vapor channels
operate at 183.31 4+ 7.0 GHz, 183.31 + 4.5 GHz, 183.31 + 3.0 GHz, 183.31 + 1.8 GHz, and 183.31 &+ 1.0 GHz,
hereafter refereed to as Ch7.0, Ch4.5, Ch3.0, Chl.8, and Ch1.0, respectively. These channels are normally numbered
as Channels 18-22, respectively. Compared to AMSU-B and MHS, ATMS has two additional water vapor channels
(Ch4.5 and Ch1.8) . All the ATMS water vapor channels are horizontally polarized. The beamwidth is 1.11° for all
the ATMS water vapor channels. The bandwidth is 2.0 GHz for Ch7.0 and Ch4.5, 1.0 GHz for Ch3.0 and Chl.8,

and 0.5GHz for Chl.0. The instrument has a swath width of approximately 2300km, with 96 scan positions.



The antenna is in continuous motion so that the 96 samples are taken on the fly, then each sample is assigned
to the mid-point of a sampling interval of about 18 ms. The scan speed is about 61.6°s~!, so that the angular
sampling interval is 1.11°. The instrument scan angle is 0.555° for the innermost beam positions and 52.725° for

the outermost beam positions [13], [14].

B. Atmospheric Datasets

Four different global datasets were used to conduct the radiative transfer simulations, that are presented in
this section. We also combined all the datasets together in order to calculate the empirical coefficients of the
transformation algorithm and limb-correction method. We refer to this dataset as the combined dataset throughout
the rest of the paper.

The SeeBor dataset consists of approximately 12,000 global profiles of temperature, moisture, and ozone at
101 pressure levels for clear sky conditions sampled from NOAA-88 (44% of total profiles), ECMWF (34%),
the Thermodynamic Initial Guess Retrieval (TIGR) (9%), ozonesondes from 8 NOAA Climate Monitoring and
Diagnostics Laboratory (8%), and radiosonde data from the Sahara desert (5%) [15]. This dataset is sampled to
cover a wide range of temperature and humidity variations.

The European Organization for the Exploitation of Meteorological Satellites (EUMETSAT) Satellite Application
Facility on Numerical Weather Prediction (NWP-SAF) datasets include atmospheric temperature, water vapor, and
ozone simulated by the European Center for Medium-Range Weather Forecasts (ECMWF) system. Each SAF
database contains 5000 profiles available at 91 pressure levels. In this study, we used two different SAF datasets
known as SAF-Q and SAF-T which are sampled to cover large humidity (SAF-Q) and temperature (SAF-T)
variations [16].

The Atmospheric Radiation Measurement (ARM) Climate Research Facility is a global change research program
supported by the United States Department of Energy since 1989. We used radiosonde data from the following
ARM stations: the Tropical Western Pacific stations (TWP-CI1, -C2, and -C3) located in Manus Island (Papua
New Guinea), Nauru Island (the Republic of Nauru), and Darwin (Australia), respectively, Southern Great Plains
(SGP-C1) located in Lamont (Oklahoma, USA), and North Slope of Alaska (NSA-C1) located in Barrow, USA
[17].

III. METHODOLOGY AND TRANSFORMATION METHOD

The ATMS water vapor sounding channels are sensitive to the amount of water vapor in different layers of the
atmosphere; therefore these channels can be used to retrieve the layer-averaged tropospheric humidity in different
layers of the troposphere. The sensitivity of the microwave water vapor channels to the concentration of water vapor
at different altitudes of the atmosphere can be defined using Jacobians. Jacobians are mathematically the partial
derivative of radiance with respect to the atmospheric parameters influencing the observed radiance. Jacobians can
be simply calculated using a perturbation method which is a good approximation for small variations in the amount

of water vapor. In the perturbation method, the water vapor Jacobians (/) are defined as follows:



Tb(q; + Agj) — Th(q; — Agy)
2Aq]‘

K; = (D

where, q is water vapor at the j-th level, and Aq is a small number (here set to 0.05¢). This relation describes
change in Tb (in Kelvin) due to a small change in the water vapor concentration [18]. The unit of Jacobians is
defined based on the humidity quantity that it perturbed. In this study, volume mixing ratio is used but also relative
humidity or mass mixing ratio may be perturbed in Equation 1. Negative Jacobians mean that any increase in the
water vapor concentration lowers the observed radiance (Tb) and vice verse. It should be noted that due to the
limitation in numerical calculations, the Jacobians calculated using the perturbation method are approximative.

Figure 1 shows the Jacobians of the ATMS water vapor channels for a subarctic winter, mid-latitude winter,
subarctic summer, and a tropical profile. As indicated in Figure 1, the peak altitude of the Jacobians is a function of
precipitable water vapor (PWV), beam position, and the frequency of the channel. The peak is at a higher altitude
for the channels which operate at the frequencies closer to the center of the water vapor absorption line at 183 GHz.
Jacobians may become positive near the surface especially in dry conditions for the lower channels. In this case, the
observed radiance is affected by the emitted radiance from the surface which is a function of the surface emissivity.
For instance, Figure 1 shows that for a subarctic winter profile which is relatively dry, PWV = 5kgm~2, the three
lower water vapor channels, i.e. Ch3.0, Ch4.5 and Ch7.0, are affected by the surface emissivity, but for a tropical
profile which is relatively humid (PWV = 41kgm~2), none of the ATMS water vapor channels are affected by the
surface emissivity. Accurate surface emissivity data are required to simulate satellite Tb’s when the radiances are
affected by the surface; besides when the Jacobians peak near the surface, the satellite observations become more
sensitive to PWV rather than relative humidity. Since current microwave surface emissivity data do not have high
accuracy, see e.g., [19], and also the aim of this study is not to retrieve PWV from the ATMS observations, we
limited our study to the profiles where satellite Tb’s are not affected by the surface emissivity.

Figure 2 shows the surface contribution to the simulated ATMS Tb’s as a function of PWV. Surface contribution
was defined as the difference between simulated Tb’s when emissivity varies from 0 to 1 [7]. As shown in Figure 2,
the ATMS Tb’s are only affected by the surface emissivity if PWYV is less than 30, 20, 10, 7, and 5kg m~2 for Ch7.0,
Ch4.5, Ch3.0, Chl.8, and Chl.0, respectively. We used these thresholds to screen out all the ATMS observations
or simulations that are affected by the surface emissivity. This filter removes 60 %, 48 %, 32 %, 21 %, and 18 % of
the combined dataset profiles for Ch7.0, Ch4.5, Ch3.0, Ch1.8, and Chl.0, respectively. ATMS observations from
the channels operating at 23.8 GHz and 31.4 GHz can be used to derive PWV, when the PWV measurements are
not available [20].

Layer averaged tropospheric humidity (LAH) is calculated using convolution of the Jacobians and the humidity

profiles:

2

where, RH shows the relative humidity with respect to water at the level j. In this study, in addition to using the



actual Jacobians to calculate the LAH, we also used a fixed Jacobian for each channel, Jacobians shown in Figure
1 for a profile with PWV = 28 kg.m_Q, to calculate the LAH, because it is easier to compare the LAH values
averaged over a fixed layer with the in-situ data or climate models field.

A primary relation was introduced by Soden and Bretherton [10] to derive UTH from the infrared observations

of Geostationary Operational Environmental Satellite (GOES) as follows:

UTH
cos

In(

)=a+bxTb 3)

where In is the natural logarithm, € is the earth incidence angle (EIA), a and b are the empirical coefficients to
be determined, and Tb is the observed brightness temperature in Kelvin. In the current study, we employ a modified
version of Equation 3 which was proposed by Spencer and Braswell [11] for SSM-T2 observations and examined

by Buehler and John [12] for deriving UTH from AMSU-B brightness temperatures:

In(LAH) = a+bx Th (4)

First, Jacobians and Tb’s are calculated using a radiative transfer model and atmospheric profiles stated in Section
II-B, then LAH values are calculated by the convolution of Jacobians and relative humidity profiles, see Equation
2. Finally, the empirical coefficients are calculated by relating In(LAH) to Tb using Equation 4. Practically, once
the coefficients are calculated, they can be used in conjunction with the observed satellite Tb’s to calculate LAH.
As mentioned before, it is essential to only use the data that are not affected by the surface emissivity.

ATMS Tb’s systematically decrease from nadir to the edge of the scan which is called limb-darkening effect.
Limb darkening is caused by increase in the optical path length related to the Earth Incidence Angle (EIA), see
Appendix A for the definition of EIA. ATMS Jacobians also move to higher altitudes from nadir to the edges of the
scan due to the same effect, see Figure 1. The overall impact of these scan angle dependencies is that the empirical
coefficients in Equation 4 depend on the beam position. Thus, it is required to either calculate the coefficients for
each beam position or correct the ATMS Tb’s for the limb effect [21]. In the latter case, the same coefficients
calculated using the nadir Tb’s can be applied to the limb adjusted Tb’s. It should be noted that in the original
relation introduced by Soden and Bretherton [10], cos 6 accounts for the scan angle dependency of UTH.

Buehler and John [12] calculated the empirical coefficients (a and b) for individual beam positions and directly
used the tabulated values to estimate UTH from AMSU-B observations. However, this method is not practical since
it introduces 480 coefficients for the ATMS water vapor channels. Instead, we relate the coefficients for different

beam positions to EIA as follows:

a(f) = a1 + as X In(cos 0)

b(0) = by + ba x In(cos @) ®)

where, a1, az, by and by are empirical coefficients calculated for each channel and 6 is EIA.



We also developed a limb-correction method similar to Chung et al. [21]. As shown in Figure 3, the limb
darkening (AT'b) which is calculated as the difference between Tb given at any 6 and nadir Tb, is a function of
EIA and it is stronger for the channels operating at the frequencies closer to the water vapor absorption line at

183 GHz. We rewrite the limb-correction relation suggested by Chung et al. [21] as follows:

TH" =Tb(0) — ATb
ATb = ¢ x In(cosb) (6)

where, Tb"™ is Tb at sub-nadir footprint, and 70(6) is Tb at any given 6. The values for the coefficient ¢ are
presented in Table I for different ATMS water vapor channels. As shown, the coefficients do not significantly depend
on dataset or the RT model. It should be noted that these values can only be applied to the ATMS Tb’s that are not
affected by the surface emissivity. We hereafter refer to the first method, which is based on calculating empirical
coefficients as a function of 6, as coefficient adjustment (CA) method and to the second method, which is based
on adjusting ATMS Tb’s for limb-effect, as Tb limb adjustment (TLA) method.

We used Atmospheric Radiative Transfer Simulator (ARTS) as the line-by-line (LBL) model [22] and the
Community Radiative Transfer Model (CRTM) [23] as the fast radiative transfer model. ARTS is a general forward
model, but its development has a special emphasis on atmospheric sounding using microwave instruments. For
water vapor absorption the model of Rosenkranz [24] was selected. CRTM has been widely used across NOAA in
recent years for operational purposes such as data assimilation and numerical weather prediction. Fast RT models
are computationally faster than the LBL models but normally less accurate, because fast RT models estimate the
absorption coefficients based on a look-up table using a range of predictors and do not directly calculate them using
the spectroscopy databases and RT theory [25]. However, the fast RT models have greatly improved over the past
decade [26]. In this study, we used a K-Matrix technique for the fast model and an analytical derivation for the

LBL model to calculate the Jacobians.

IV. RESULTS AND DISCUSSION

In this section, we first present the calculated coefficients for the Tb to LAH transformation method and discuss
the impact of the RT model as well as the atmospheric profiles on the calculated coefficients, then discuss the
validation of the transformation method using independent datasets. We use the terms “estimated LAH” for the
LAH values estimated using the transformation method (Equation 4) and “calculated LAH” for the LAH values

calculated using the convolution of Jacobians and relative humidity profiles (Equation 2).

A. Empirical Coefficients

Figure 4 shows simulated satellite Tb’s for the ATMS water vapor channels versus the LAH values calculated
using Jacobians. Figure 4 only shows Tb and LAH values for the nadir beam positions. We used the PWV thresholds,

see Section III, to screen out the Tb’s that were affected by the surface emissivity. The results presented in Figure



4 show a strong relation between Tb and LAH for all the ATMS water vapor channels. The calculated coefficients
for Equation 4 are slightly different for different water vapor channels. Since there is an anti-correlation between
tropospheric humidity and satellite Tb’s, the slope of the fitted line (coefficient b in Equation 4) is always negative.
Figure 4 also compares the effect of different RT models (LBL vs. fast model) as well as different atmospheric
datasets (combined dataset vs. SeeBor) on the relation between Tb and LAH. It was found that the coefficients only
slightly depend on the datasets or the RT model. Figure 5 indicates the difference between LAH values estimated
using different set of empirical coefficients. The values shown in this figure are the difference between the LAH
values calculated using the combined dataset (LBL model) and the LAH values calculated using other datasets or
RT models. As shown, the differences are less than 0.1 RH which is about 10 % in relative unit.

The values calculated using combined dataset and the LBL model for Ch7.0, Ch4.5, Ch3.0, Ch1.8, and Ch1.0
are 16.9, 16.1, 15.9, 16.4, and 16.5 for coefficient a and -0.064, -0.063, -0.064, -0.068, and -0.070 for coefficient
b, respectively. We used two different models, a LBL and a fast RT model, to calculate the empirical coefficients.
As shown in Figures 4 and 5, the magnitude of the differences between the models is as large as that introduced
by different datasets. Overall, there is slightly a better agreement (higher correlation) between Tb and In(LAH)
simulated using combined dataset and the LBL model. Therefore, we adopted the coefficients calculated using this
combination for validating the transformation method. Coefficients calculated using the combined dataset and the
LBL model for Chl.0 are consistent with Buehler and John [12] who reported 16.47 for the coefficient a and -0.070
for the coefficient b for a similar channel on AMSU-B instrument. As explained before, the empirical coefficients
depend on the beam position, see Figure 6, so that a logarithmic relation was suggested to calculate the empirical
coefficients for different beam positions as a function of EIA. The coefficients for these logarithmic relations are
given in Table II for both actual and fixed Jacobians. These values can be inserted into Equation 5 to calculate the
empirical coefficients of the transformation method for different beam positions. Table II also shows the coefficients
a and b for the nadir beam positions. These coefficients can be applied to the limb-adjusted ATMS Tb’s, independent

of the beam position.

B. Validation

We used the ARM radiosonde profiles as well as globally sampled profiles, such as SAF and SeeBor, see Section
II-B, to validate the results. As a first test, the LAH values were estimated from ATMS Tb’s simulated using the
LBL model. Secondly, the actual ATMS observations collocated with the ARM radiosonde profiles were used to

estimate LAH. In either case, the estimated LAH values were compared with the Jacobian weighted LAH values.

Simulated ATMS Brightness Temperatures

The vertical profiles of temperature and humidity were used to simulate both ATMS Tb’s as well as the
corresponding Jacobians. Figure 7 shows the LAH values estimated from the ATMS simulated Tb’s versus the
Jacobian weighted LAH values, both ATMS Tb’s and Jacobians were simulated using ARM profiles. We used

both actual Jacobians as well as the fixed Jacobians mentioned in Section III, to calculate LAH from the humidity



profiles. As shown in Figure 7, in the case of actual Jacobians, estimated and calculated values are generally in very
good agreement, but the method slightly underestimate tropospheric humidity in moist conditions. The scatterplots
show a larger standard deviation in moist conditions than in dry conditions.

The statistics for this comparison are shown in Table III for different datasets. Difference between estimated
and calculated LAH values, when the LBL model and actual Jacobians are used, is less than 10 % in all cases.
The statistics are very similar for the LAH values estimated using either the CA method or the TLA method. This
indicates that either of the CA or TLA methods can be equally used to estimate LAH. The bias between estimated
LAH (using either CA or TLA methods) and calculated LAH values is less than —7 % for all the channels at the
ARM stations. In the case of LAH values calculated using fixed Jacobians, the bias is generally larger than that for
actual Jacobians, but for the ARM data the bias is still less than —5 % for all the channels. The bias between the
estimated and calculated LAH values using the SeeBor and SAF-Q datasets ranges, respectively, from 4 % to 9 %
and —3 % to —8 % for the actual Jacobians and from 8 % to 10 % and —4 % to —9 % for the fixed Jacobians.

Table III also shows the standard deviation of the differences between estimated and calculated LAH values.
The standard deviations for the actual Jacobians and the LBL model range from 0.08 to 0.09 RH for the ARM
dataset, from 0.05 to 0.07 RH for the SAF-Q dataset, from 0.06 to 0.07 RH for the SAF-T dataset, and from
0.05 to 0.07 RH for the SeeBor dataset. The standard deviations for the fixed Jacobians are greater than those for
actual Jacobians and range from 0.08 to 0.13 RH for the ARM dataset, from from 0.10 to 0.13 RH for the SAF-Q
dataset, from 0.08 to 0.11 RH for the SAF-T dataset, and from 0.07 to 0.10 RH for the SeeBor dataset. Thus, the
agreement between the estimated and calculated LAH values using fixed Jacobians is generally less than that for
actual Jacobians. In some cases, e.g., the ARM dataset, the bias for the fixed Jacobians is less than that for the
actual Jacobians, however, the standard deviations are generally higher for the fixed Jacobians than for the actual
Jacobians. Table III also shows the simulations conducted using a fast model. The fast model generally shows larger
biases than the LBL model. In this case, the bias between the calculated and estimated LAH values ranges from
—4 % to 1% for the ARM dataset, from —3 % to 12 % for the SAF-Q dataset, from —2 % to 8 % for the SAF-T
dataset, and from 7% to 18 % for the SeeBor dataset. The CA and TLA methods also indicate similar results
when the fast model is used to conduct the RT simulations. The main reason for the better agreement between the
estimated and calculated LAH values using the LBL simulations should be that the empirical coefficients employed
to estimate the LAH from simulated Tb’s were calculated using the same model. Since the bias depends on LAH,
for instance see Figure 7, the slope of the fitted line is also included in Table III. In most cases, the slope ranges
between 0.9 to 1.1 and does not depend on the RT model or other factors such as limb-correction or Jacobians.
However, the slop slightly depends on the channel. Generally, the slop is closer to unity for lower tropospheric

channels than for upper tropospheric channels.

Observed ATMS Brightness Temperatures

The ATMS observations were collocated with the ARM radiosonde profiles for the time period of January 2012

through August 2013. The collocation criteria was less than 100 km distance between the ATMS footprints and



the radiosonde station and less than 3 hours time difference between the ATMS scanning time and the radiosonde
launch time. Since radiosondes drift while ascending through the troposphere, we compared each radiosonde launch
with the average LAH (Tb) of a target area with a radius of 100 km. It should be noted that we first estimated
LAH from individual Tb’s within the target area then averaged the LAH values. In addition, the difference between
Tb’s from different channels was used to filter out the observations affected by the clouds [27], [28]. We used the
difference between Tb of Ch7.0 (Tb7,o) and Tb of Ch4.5 (Tby.5), ATb = Tby g — Tby 5 to identify and exclude the
ATMS observations affected by the clouds. In clear-sky conditions, Tb; ¢ is higher than Tb, 5 but in the presence
of optically thick clouds, Tb7 o is more affected by clouds than Tb, 5, so that Tb7 y becomes closer or lower than
Tby4 5. We excluded all the collocations with at least one AT'b within the target area less than 3 K. After collocating
radiosonde and satellite observations, the empirical relation (Equation 4) was used to estimate LAH from the ATMS
observations and the LBL Jacobians were used to calculate LAH from the ARM radiosonde profiles.

Table IV presents the mean (bias) and standard deviation of differences between the estimated and calculated
LAH values. The bias is less than 10% in most cases when the actual Jacobians are used to calculate LAH. LAH
values calculated using either limb-corrected Tb’s or original Tb’s indicate the same accuracy compared to the
calculated LAH values. The NSA-CI station, located in Alaska, shows the largest biases which is related to the dry
climate of NSA-C1. Although we applied the PWV thresholds to filter out the surface affected radiances; yet in the
NSA-C1 atmospheric conditions, some of the collocated datapoints may still be affected by the surface emissivity.
In addition, at the NSA-C1 station, most of the collocated datapoints are screened out by the PWYV filter, see Table
IV, which affects the reliability of the statistics. The relative bias is generally larger for the TLA method than for
the CA method which can also be explained by the effect of surface emissivity on the limb correction. The biases
between the estimated LAH values and the LAH values calculated using the fixed Jacobians are also shown in Table
IV. In this case, the biases are larger than those for actual Jacobians. The bias is between 20 % to 35 % at NSA-C1
and SGP-C1, and less than 20 % at the TWP stations. Standard deviation of the differences between estimated and
calculated LAH values are also shown in Table IV. The standard deviation of the LAH values calculated using fixed
Jacobians is larger than those calculated using actual Jacobians which is expected as it was explained before. The
slope of the fitted lines is also reported in Table IV. Slope ranges between 0.7 to 0.8 which shows an overestimate
for low LAH values and an underestimate for high LAH values. The slope is generally closer to unity for lower
level channels than for upper level channels. But the slope does not significantly depend on the RT model or other
factors such as Jacobian and limb correction.

Table IV also shows the differences between the ATMS Tbs and the RT simulated Tb’s. Obviously about 1
K mean difference is observed between the simulated and observed ATMS Tb’s. It should be noted that the Tb
difference affects the LAH comparison as well. This difference is caused by several factors including systematic
errors in the RT calculations, sampling error, a known dry bias in the radiosonde data, the effect of optically thin
clouds which are not screened out by the cloud filter, as well as inaccuracy in the ATMS calibration. Therefore,
it is estimated that a large portion of the systematic difference between the estimated and calculated LAH values

is related to the errors aforementioned. These errors can be simply neglected in the LAH comparison by adjusting



the ATMS Tb’s for the difference between simulated Tb’s and observed Tb’s. Table V shows the statistics for the
LAH comparison based on adjusted ATMS Tb’s. Obviously, the error has systematically decreased at most stations,

excluding TWP-C1 where the error has slightly increased.

C. Spatial Distribution of Bias

We used two months of data, August 2012 and January 2013, from the European Center for Medium range
Weather Forecasting (ECMWF) Interim Reanalysis (ERA-interim) with collocated ATMS observations to evaluate
the spatial distribution and regional dependency of the bias. We used a temporal threshold of 1 h and spatial threshold
of 100 km for collocating ATMS and ERA-interim data. We excluded all the ATMS observations that were either
affected by the clouds or the surface emissivity. The LAH values were calculated using the ERA-interim humidity
profiles and corresponding Jacobians and the collocated ATMS observations were used to estimate the LAH. Figure
8 shows the difference between the estimated and calculated LAH values. The ERA-interim data are available
only every 6 hours in UTC time, but the ATMS ascending and descending overpass times are at 13:30 and 1:30
local time. Therefore, most collocations occur near the meridians where the local time is around 01:30 or 13:30
for ERA-interim data. These meridians are 22.5°E (ERA-interim 00:00 UTC collocated with ATMS descending
orbit), 112.5°E (ERA-interim 06:00 UTC collocated with ATMS ascending orbit), 157.5°W (ERA-interim 12:00
UTC collocated with ATMS descending orbit), 67.5°W (ERA-interim 18:00 UTC collocated with ATMS ascending
orbit). Most collocations for the lower tropospheric channels, especially outside tropical region, are removed by the
PWYV filter, thus these channels can only be validated in very humid regions. The bias (ATMS minus ERA-interim)
is generally positive and less than 20 % for all the channels. The bias is less than 10 % for Chl.0 and Chl.8.
ATMS channels sensitive to lower troposphere show a larger bias than those channels sensitive to mid and upper
troposphere. Besides, the bias generally increases from mid-latitudes toward the poles for the lower channels. This
feature can be due to surface effect as the PWV filter may not completely remove the profiles affected by the
surface emissivity. Figure 8 also shows the results when the LAH values were calculated using fixed Jacobians. In
the tropical region, the results for the fixed Jacobians are similar to those obtained using actual Jacobians, but outside
tropical region the bias increases towards the poles for the fixed Jacobians. So that the bias for the fixed Jacobians
is less than 10 % in tropical and mid-latitude regions, except for Ch7.0 with a bias less than 20 % in tropical region,
but increases to up to 30 % in the polar region. This is due to the fact that the fixed Jacobians that we used to
derive the empirical coefficients were simulated using a profile with PWV = 28 kgm~2. Therefore, in the polar
regions, the ATMS observations point to a layer lower than that for fixed Jacobians which causes an additional
bias in the estimated LAH values. Overall, the positive bias (ATMS LAH minus ERA LAH) is mainly related
to the systematic difference between ERA-interim and ATMS data. For instance, Figure 9 shows the difference
between ATMS observations and Tb’s simulated using ERA-interim temperature and humidity profiles for Ch7.0
and Chl1.0. As shown, the ATMS Tb’s are systematically lower than ERA-interim simulated Tb’s which translates

to a systematic wet bias in humidity space.



D. Error Analysis

Based on the comparison between LAH values estimated from simulated Tb’s and the LAH values calculated
using corresponding humidity profiles and Jacobians, the overall methodological error is estimated to be less than
10% when actual Jacobians are utilized. However, the error is much larger, up to 30 %, when fixed Jacobians
are used. In addition, the error in satellite observations should be estimated and be added to the error estimate.
Based on RT calculations, it is estimated that 1 K error in satellite Tb’s translates to about 10% error in terms of
relative humidity. This ratio was calculated by perturbing ARM radiosonde humidity profiles by 5% and 10% and
then computing the impact on ATMS simulated Tb’s which was 0.5 K and 1K, respectively. The error in satellite
observations is estimated to be less than 0.5 K if the observations are carefully calibrated and bias corrected. This
error translates to about 5% in terms of relative humidity. However, it should be noted that the error in satellite
data can be very large, especially due to sensor degradation and drift in the sensor calibration, if the data are not
well calibrated.

Several sources contribute to the systematic and random errors in the calculated and estimated LAH values that
are explained here. The systematic errors are caused mainly by RT and instrumental errors. The RT error due to
spectroscopy and other RT model problems is estimated to be about 0.3K based on the difference between the
LBL and the fast RT models. Error in the RT simulations for the ATMS instrument, for instance due to imperfect
antenna pattern as well as assuming rectangular passbands in the RT calculations while the actual passbands might
not be rectangular, and inaccuracy in the ATMS observations due to several sources such as error in the calibration
coefficients, are estimated to be less than 0.5 K based on initial evaluation of ATMS observations. The systematic
error in the transformation method is estimated to be about 0.1 RH. This error was estimated based on the difference
between the LAH values estimated using empirical coefficients determined from different datasets. Another source
of error especially in comparing actual ATMS Tb and collocated radiosonde data is from sampling error, because
the satellite overpass time and radiosonde launch time are normally fixed with respect to each other, therefore, the
time difference normally causes a systematic bias that depends on the overpass times as well as diurnal variation
of LAH. Error in radiosonde data is also estimated to be around 5 % which is mainly due to a known dry bias in
Vaisala sensors that are used at the ARM stations. The error is larger for the daytime data because of the daytime
radiation dry bias but we only used night-time data. It should be noted that some of these systematic errors may
cancel each other due to opposite sign of the error.

In addition to the systematic errors, there are also several sources of random errors including random error in
RT calculations, noise in the ATMS observations, and random errors in radiosonde measurements. The random
errors are normally canceled out after averaging when comparing estimated and calculated LAH values. It should
be noted that most of the systematic errors are also canceled out when we use simulated Tb’s, instead of measured
Tb’s, to validate the transformation method. In the case of simulated Tb’s, the RT error is negligible since we use
the same model to calculate both Tb’s and Jacobians, and is canceled out after averaging, the ATMS observations

are not involved in the comparison, there is no sampling error, and error in the radiosonde data does not matter



since the same profiles are used for calculating LAH and also simulating the ATMS Tb’s. Thus, we believe that
the validation that was conducted using the simulated ATMS Tb’s better represent the intrinsic accuracy of the

transformation method.

V. CONCLUDING REMARKS

Atmospheric humidity is the main greenhouse gas and has a significant effect on the Earth radiation budget
and atmospheric rivers. One of the main sources to derive information about atmospheric humidity is the satellite
observations from the microwave instruments. The Advanced Technology Microwave Sounder (ATMS) is a cross-
track scanning radiometer with 22 channels, of which 5 channels function at the frequencies close to the water vapor
absorption line at 183 GHz. These channels operate at 183.31 + 7.0 GHz, 183.31 £+ 4.5 GHz, 183.31 £+ 3.0 GHz,
183.31 & 1.8 GHz, and 183.31 £ 1.0 GHz (numbered as 18-22, respectively) and are sensitive to the tropospheric
humidity in lower to upper troposphere.

A simple linear relation is presented to directly transform the ATMS observations into layer-averaged humidity
(LAH). Unlike inversion methods, radiative transfer calculations are not required to utilize the method and the ATMS
observations can be directly transformed into layer-averaged tropospheric humidity. The LAH values calculated using
this method can be used, for instance, to validate climate models, study atmospheric rivers, evaluate the effect of
tropospheric humidity on outgoing longwave radiation, or to investigate the global atmospheric water cycle. The
empirical coefficients of this relation are presented for all the ATMS water vapor channel.

The method was originally introduced by Soden and Bretherton [10] for calculating the upper tropospheric
humidity from the infrared satellite observations. A modified version of this method was later examined by Spencer
and Braswell [11] and Buehler and John [12] for microwave observations. However, in the current study we employed
different techniques to transform ATMS observations into LAH, including a technique to calculate the coefficients
for different beam positions as a function of earth incidence angle as well as a technique to correct the satellite
data for limb darkening then applying the same coefficients to the observations from different beam positions.
Buehler and John [12] only examined the relation for 183+1 GHz which is sensitive to UTH, but we examine
the relation for five ATMS water vapor channels which are sensitive to upper to lower tropospheric humidity. We
also examine the effect of the datasets and radiative transfer models on the empirical coefficients. In addition, we
provide an extensive error analysis and a comprehensive validation and evaluation including the spatial distribution
of the errors.

Since the lower tropospheric channels can be very sensitive to the surface emissivity especially in dry conditions; a
filter based on total precipitable water vapor (PWV) was introduced to filter-out all the observations that are affected
by the surface emissivity. Because of the limb darkening effect, the empirical coefficients of the transformation
method depend on the beam position. Hence, a logarithmic relation between the lapse in ATMS Tb’s due to limb-
effect and earth incidence angle (EIA) is presented to adjust the ATMS Tb’s for limb-darkening, then the same
coefficients calculated for the nadir beam positions can be applied to the entire dataset. In addition, a relation is

presented to calculate the empirical coefficients as a function of EIA.



The results were validated using both simulated ATMS Tb’s as well as actual ATMS observations. The systematic
difference between estimated LAH from the ATMS Tb’s and calculated values using Jacobians was less than 10%
in most cases. The results were very similar for both transformation algorithms, i.e., using limb-adjusted Tb’s or
original ATMS Tb’s but calculating empirical coefficients as a function of EIA. The bias was larger for the ATMS
observed Tb’s than simulated Tb’s which is due to error in the radiosonde and ATMS observations, sampling error
due to the spatial and temporal differences between the collocated data from the ATMS and radiosonde profiles,
as well as error in the RT calculations. These errors either do not exist or will be canceled out when we use the
ATMS simulated Tb’s to validate the method. Since there is a large interest in calculating LAH for a fixed layer, we
also calculated the empirical coefficients using fixed Jacobians for each channel. Generally, the difference between
the estimated and calculated LAH values is larger when fixed Jacobians are used. Finally, we investigated the
spatial distribution of the bias using two months of ERA-interim data collocated with the ATMS observations. The
bias did not indicate any significant regional dependency for the actual Jacobians, but the bias generally increases
towards the poles for the fixed Jacobians. Besides, the dependency was larger for the channels sensitive to the lower

troposphere than for the channels sensitive to middle and upper troposphere.

APPENDIX

Earth incidence angle also known as local zenith angle or satellite zenith angle is defined as the angle between
the satellite antenna boresight direction (D) and normal to the Earth’s surface at the spot location (1) and can be
mathematically calculated as follows:

-D-n

cosf = —— @)
[nl | D]l

In a geocentric coordinate system, 6 can be calculated as follows:

(h+ R)sin«
R

sinf =

®)

where « is scan angle, « = 0.56 + (f — 1) x 3, (3 is step angle and is equal to 1.111° for ATMS water vapor
channels, f is the ATMS spot number that ranges from 1 for sub-nadir to 48 for the edges of the scan, R is earth
radius (6371 km), and h is satellite height (824 km).
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Fig. 1. Jacobians for the ATMS water vapor channels. Radiative transfer calculations were conducted using the LBL model with a surface
emissivity of 0.9. The plots are for different atmospheric conditions: (top-left) subarctic winter, (top-right) mid-latitude winter, (bottom-left)

subarctic summer, and (bottom-right) tropical. The solid lines are for the sub-nadir beam positions and the dashed lines for the edges of the
scan.
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Fig. 2. Surface contribution for the ATMS water vapor channels as a function of PWV. Ch7.0, Ch4.5, Ch3.0, Chl1.8, and Chl.0 become
insensitive to the surface emissivity when PWV is greater than 30, 20, 10, 7, and 5kgm™2, respectively.
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Fig. 3. Limb-darkening effect as a function of EIA for the ATMS water vapor channels. The RT simulations were conducted using the LBL
model and the combined dataset.



Fig. 4. Jacobian weighted layer averaged humidity versus simulated satellite Tb’s. The columns are for different ATMS channels and the rows
show different combinations of datasets and RT models. The first three rows show the results for actual Jacobians and the last row shows the
results for the fixed Jacobians.
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Fig. 5. The impact of different datasets and RT models on the estimated LAH values. The values shown are the difference between the LAH
values estimated using each dataset and the LAH values estimated using the combined dataset and the LBL model. ALL-FAST indicates the
simulations using combined dataset and the fast model and the rest indicates simulations conducted using individual datasets and the LBL
model. The markers indicate the datasets and the colors indicate the ATMS channels.



Fig. 6. Dependency between empirical coefficients of the transformation method and EIA, (top) coefficient a, (bottom) coefficient b, and
legend shows the ATMS channels. The solid lines indicate the logarithmic fits. The RT simulations were conducted using the combined dataset
and the LBL model.



Fig. 7. Estimated versus Jacobian weighted LAH values for the ARM radiosonde data. The ATMS brightness temperatures were simulated
using the LBL model. The LAH values were calculated using the actual Jacobians for the first two rows and using fixed Jacobians for the last
two rows.



Fig. 8. Difference between LAH values calculated using two months of ERA Interim profiles, August 2012 and January 2013, and LAH values
estimated using ATMS observations. The rows from top to bottom are for Ch7.0, Ch4.5, Ch3.0, Chl1.8, and Chl1.0. The left column shows
the results for actual Jacobians and the right column shows the fixed Jacobians. The collocations are grouped around some specific meridians,
because ERA Interim data are available only every 6 hours.



Fig. 9. Same as Figure 8, but for the difference between ATMS observed Tb’s and Tb’s simulated using ERA-interim profiles, (top) Ch7.0
and (bottom) Ch1.0.
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Coefficients for the limb correction algorithm (AT = ¢ x In(cos 8)) calculated using different datasets
and RT models. First group indicates the coefficients calculated using the LBL model and the second
group using the fast RT model. . . . . . . . . . . . . . . . e
Coefficients for the logarithmic relations, p = p; + p2 X In(cos ), calculated using the LBL model
and combined dataset: (top) actual Jacobians, (bottom) fixed Jacobians. The last two columns indicate
the empirical coefficients for nadir beam positions. . . . . . . . . .. ... L
Statistics for the estimated versus Jacobian weighted LAH. STD is standard deviation of the differences
between estimated and calculated values. . . . . . . .. ... o
Statistics for the differences between the LAH values estimated from the ATMS observations and the
LAH values calculated using the ARM radiosonde profiles. Jacobians were calculated using the LBL
model. The AJ and FJ stand for actual and fixed Jacobians, respectively, CA and TLA indicate the
results for coefficient adjustment and Tb limb adjustment, respectively, STD is standard deviation of
the differences between estimated and calculated LAH, and Bias Tb refers to the difference between
the observed and simulated brightness temperatures. NSA-C1 did not have enough collocations for
Ch7.0. .« .
Same as Table IV but the ATMS observed Tb’s were adjusted for the differences between the simulated
and measured Th’s. . . . . . . L L



TABLE I
COEFFICIENTS FOR THE LIMB CORRECTION ALGORITHM (ATb = ¢ X In(cos §)) CALCULATED USING DIFFERENT DATASETS AND RT
MODELS. FIRST GROUP INDICATES THE COEFFICIENTS CALCULATED USING THE LBL MODEL AND THE SECOND GROUP USING THE FAST

RT MODEL.

Chan Ch7.0 Ch4.5 Ch3.0 Chl.8 Ch1.0
ARM 8.3739 82727 83737 8.7616  9.3527
SAF-Q 8.4454 85252 8.6633 9.1349  9.8526
SAF-T 8.0117 84287 89495 9.6012
SEEBOR 8.3651 8.4821 87201 9.1360 9.7764
ALL-DATA  8.3848 8.4361 8.6115 9.0253 9.6609
ARM 8.8890 8.7036  8.8209 9.0752  9.6274
SAF-Q 8.7686  8.8347 89797 9.4149 10.0172
SAF-T 8.3385 87007 9.1490 9.6697
SEEBOR 8.6572 8.8004 9.0180 9.3964  9.9398
ALL-DATA  8.7385 8.7741 89435 9.2935 9.8425




TABLE I
COEFFICIENTS FOR THE LOGARITHMIC RELATIONS, p = p1 + p2 X ln(COS 9), CALCULATED USING THE LBL MODEL AND COMBINED
DATASET: (TOP) ACTUAL JACOBIANS, (BOTTOM) FIXED JACOBIANS. THE LAST TWO COLUMNS INDICATE THE EMPIRICAL COEFFICIENTS
FOR NADIR BEAM POSITIONS.

Chan al a2 b1 bo a b

Ch7.0 16926416 3.675071 -0.063834  -0.011692 16904 -0.0641
Ch4.5 16.153449 2.670072 -0.062870 -0.008139  16.112  -0.0631
Ch3.0 15.889499 2.218520 -0.063687 -0.006505 15.853  -0.0641
Chl.8 16.382202  1.766304  -0.067800  -0.004630  16.355 -0.0681
Chl1.0 16.516412  1.428877 -0.070436  -0.003093 16.501 -0.0700
Ch7.0 21.111663  4.384297 -0.079078 -0.013845 21.121 -0.0791
Ch4.5 22455108 3.433289  -0.086548 -0.010267 22422 -0.0861
Ch3.0  22.797294  2.774498  -0.090363 -0.007760  22.754  -0.0901
Chl.8  22.713884 2.169595 -0.093041 -0.005320 22.680 -0.0931
Ch1.0  22.523808 1.731349  -0.095061  -0.003347 22.503 -0.0950




TABLE IIT
STATISTICS FOR THE ESTIMATED VERSUS JACOBIAN WEIGHTED LAH. STD IS STANDARD DEVIATION OF THE DIFFERENCES BETWEEN
ESTIMATED AND CALCULATED VALUES.

Channel Ch7.0 Ch4.5 Ch3.0 Ch1.8 Ch1.0
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LBL Model - Actual Jacobian — No-limb Correction
ARM -0.03 -370 0.08 078 -005 -690 008 074 -0.05 -6.8 0.09 072 -004 -6.33 009 072 -0.04 -670 0.09 0.71
SAF-Q -0.02 -301 006 083 -004 -604 007 078 -005 -7.76 007 077 -0.04 -722 0.06 080 -0.03 -394 005 0.83

SAF-T 0.01 1.98 006 1.00 0.00 1.24 0.07 097 0.02 499 0.06 095 0.00 255 0.06 091 -0.02 -253 006 086
SEEBOR  0.01 412 007 084 0.02 772 0.07 081 0.02 901 0.07 083 0.02 822 0.06 087 0.02 7.86 0.05  0.90
LBL Model - Fixed Jacobians — No-limb Correction

ARM -0.01  -0.09 0.08 093 -0.04 -48 010 082 -0.03 -025 012 073 -004 -196 0.13 068 -005 -456 0.12 0.66
SAF-Q -003 -421 0.10 081 -0.05 -6.81 0.11 073 -0.07 -874 0.12 067 -0.07 -9.04 0.3 062 -005 -431 013 0.62
SAF-T 0.02 1.29 0.10 113 0.04 7.47 0.10 106 0.09 2470 0.11 104 0.06 23.05 0.09 094 0.03 1846  0.08 0.86

SEEBOR  0.03 9.09 0.07 0.89 0.02 9.00 0.09 085 0.02 9.89 0.10 0.82 0.01 7.90 0.09 0.79 0.00 7.57 0.09 0.80
LBL Model — Actual Jacobians — Limb-corrted Data

ARM -0.03 -327 008 082 -005 -679 0.08 077 -0.04 -6.83 009 073 -0.04 -630 0.09 073 -004 -6.66 009 0.72
SAF-Q -0.02 -2.8 007 086 -004 -593 007 08 -005 -7.73 007 079 -004 -7.16 006 081 -002 -382 005 084
SAF-T 0.02 2.88 006 1.05 0.01 1.83 0.07 1.00 0.02 5.54 0.07 097 0.01 2.90 006 092 -0.02 -232 0.06 0.87
SEEBOR  0.01 3.96 0.07 0.87 0.02 7.76 0.07 0.83 0.03 9.01 0.07 0.85 0.02 8.24 0.06 0.89 0.02 7.92 0.05 091
LBL Model - Fixed Jacobians — Limb-corrected Data

ARM -0.00  0.11 0.08 097 -0.03 -466 0.10 084 -0.03 -0.13 0.3 075 -004 -187 0.13 069 -0.04 -443 012 0.67
SAF-Q -003 -399 0.1 084 -005 -661 0.1 075 -0.07 -865 0.2 068 -0.07 -890 0.13 063 -005 -408 0.13 0.62
SAF-T 0.03 2.44 011 119 0.05 8.28 0.10 109 0.10 2549 0.11 1.07 0.07 23.63 009 095 0.03 18.82 0.08 0.87

SEEBOR  0.03  8.81 0.07 093 0.02  9.02 0.09 088 0.02  9.96 0.10 084 0.01 8.01 0.10 080 0.01 7.74 0.09  0.80
Fast Model — Actual Jacobians — No-limb Correction

ARM -0.01  -1.78 010 1.03 -002 -346 0.1 096 -002 -208 0.06 083 -0.01 -047 0.0 094 -001 122 0.08 0.85
SAF-Q -0.01 -143 007 084 -003 -308 007 079 -003 -313 007 079 -001 123 0.06 081 0.02 1195 0.07 081
SAF-T 0.02 339 007 1.01 002 3.62 0.07 099 0.03 7.82 0.06 097 0.01 4.48 0.06 092 -0.02 -216 006 085
SEEBOR 0.03 737 0.07 085 0.04 1206  0.07 0.83 0.04 1511 0.07 0.86 0.04 1560 0.06 090 0.04 18.10 0.07 0.88
Fast Model — Actual Jacobians — Limb-corrected Data

ARM -0.01  -1.60 0.10 1.07 -002 -342 010 096 -002 -200 006 085 -0.01 -041 0.0 095 -001 127 0.08  0.86
SAF-Q -001  -1.23 007 088 -0.02 -293 0.07 082 -0.03 -309 007 080 -001 129 0.06 082 0.02 1206 0.07 0.81
SAF-T 0.03 430 007 1.06 002 422 0.07 102 0.04 835 0.07 099 0.01 4.82 0.06 093 -0.02 -198 006 086
SEEBOR  0.03 727 0.07 089 0.04 1210 0.07 085 0.04 1511 0.07 088 0.04 1563 0.06 091 0.04 18.16  0.07  0.89




TABLE IV
STATISTICS FOR THE DIFFERENCES BETWEEN THE LAH VALUES ESTIMATED FROM THE ATMS OBSERVATIONS AND THE LAH VALUES
CALCULATED USING THE ARM RADIOSONDE PROFILES. JACOBIANS WERE CALCULATED USING THE LBL MODEL. THE AJ AND FJ STAND
FOR ACTUAL AND FIXED JACOBIANS, RESPECTIVELY, CA AND TLA INDICATE THE RESULTS FOR COEFFICIENT ADJUSTMENT AND TB LIMB
ADJUSTMENT, RESPECTIVELY, STD IS STANDARD DEVIATION OF THE DIFFERENCES BETWEEN ESTIMATED AND CALCULATED LAH, AND
BIAS TB REFERS TO THE DIFFERENCE BETWEEN THE OBSERVED AND SIMULATED BRIGHTNESS TEMPERATURES. NSA-C1 DID NOT HAVE
ENOUGH COLLOCATIONS FOR CH7.0.
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NSA-CI Ch4.5  0.07 9.40 0.06 028 023 35.02 0.09 071 0.10 13.21 0.07 040 027 40.82 0.10 0.78 -1.28
NSA-CI Ch3.0 0.07 1343  0.07 063 0.21 46.64 0.10 0.84 0.08 15.93 0.08 0.67 023 50.83 0.11 0.89 -1.49
NSA-C1 Chl.8 0.05 1276 0.08 0.59 0.13 35.12 0.10 0.72 0.06 14.34 0.08 061 0.15 37.70 0.10 075 -144
NSA-C1 Ch1.0 -0.01 1.89 0.08 0.50 0.03 13.11 0.09 059 -0.01 2.59 0.08 0.51 0.04 14.20 0.09 0.61 -0.83

g
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a
g
=
z
78
290
346
351
SGP-C1 Ch7.0 0.01 3.46 0.07 073 0.07 19.78 006 092 002 485 0.08 0.78 0.08 19.89 007 099 -1.53 128
SGP-C1 Ch45 001 7.50 008 072 0.08 27.51 0.08 093 0.02 7.47 0.08 0.76  0.08 28.11 009 099 -149 270
SGP-C1 Ch3.0 0.02 11.14  0.09 0.70 0.09 37.07 0.09 094 0.02 11.19 009 0.73  0.09 37.96 0.10 098 -1.77 451
SGP-C1 Chl.8  0.02 1278 0.09 071 0.07 35.01 0.09 0.86 0.02 12.97 0.09 073 0.07 35.69 0.09 0.89 -1.86 493
SGP-C1 Ch1.0  0.01 1049 0.09 065 0.04 29.23 0.09 075 0.01 10.58 0.09 0.66 0.04 29.73 0.09 076 -1.70 533
TWP-C1  Ch7.0 0.06 10.71 006 092 0.12 19.02 0.09 1.03 0.08 13.32 0.07 1.02 0.15 22.95 011 115 -1.83 312
TWP-C1  Ch45 0.00 2.24 0.06 077 002 559 0.09 0.89 0.01 3.59 0.06 0.83 004 7.82 0.09 095 -124 312
TWP-C1 Ch3.0 -003 -231 007 069 -004 -321 0.10 0.74 -0.02 -1.53 007 073 -0.03 -2.01 0.10 0.78 -1.10 312
TWP-C1 Chl8 -0.04 -448 0.07 067 -007 -817 0.11 0.63 -0.03 -3.97 0.07 070 -0.07 -7.44 0.11 0.65 -0.88 312
TWP-C1  Chl.0 -0.04 -596 0.07 064 -009 -10.78 0.12 053 -0.04 -5.61 007 065 -0.09 -1026 0.12 054 -030 312
TWP-C2  Ch7.0 0.06 1245 006 0.85 0.10 20.08 0.07 094 0.07 13.52 006 093 0.11 21.81 008 1.02 -1.74 430
TWP-C2 Ch45 0.02 7.06 0.06 075 0.03 9.42 0.07 0.83 0.02 7.50 0.06 079 0.04 10.50 0.08 0.88 -1.32 436
TWP-C2 Ch3.0 0.00 4.06 0.06 071 0.00 428 0.08 074 0.01 4.20 0.06 074 000 487 0.08 077 -1.37 436
TWP-C2 Chl.8 -0.00 296 0.06 071 -0.01 5.66 0.09 0.66 -0.00 3.11 0.06 073 -0.00 6.12 0.09 0.67 -144 436
TWP-C2 Chl.0 -001 2.07 0.06 0.69 -0.00 10.17 0.10 0.58 -0.01 222 006 070 -0.00 10.62 0.10 059 -1.10 436
TWP-C3  Ch7.0 038 87.13 0.5 079 0.70 157.07 021 098 0.61 139.67 021 084 121 269.58 032 108 -334 28
TWP-C3 Ch45 026 6742 0.12 073 0.63 16124 0.19 084 036 9284 0.14 078 095 23832 025 092 -291 35
TWP-C3  Ch3.0 020 60.09 0.1 069 052 15091  0.17 073 026  74.60 0.12 074 0.69 197.47 020 078 -345 39
TWP-C3 Chl.8 0.17 56.64 0.10 0.69 0.33 11435 0.15 0.63 020  63.82 011 072 040 13260 0.16 0.66 -391 39
TWP-C3 Chl.0 0.13 46.82  0.08 077 0.19 79.52 0.14 0.60 0.14  49.59 0.09 079 021 84.90 0.14 0.61 -3.82 39




TABLE V
SAME AS TABLE IV BUT THE ATMS OBSERVED TB’S WERE ADJUSTED FOR THE DIFFERENCES BETWEEN THE SIMULATED AND MEASURED

TB’S.
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NSA-C1 Ch4.5 0.01 1.41 0.06 027 0.14 21.56 0.08 0.64 0.03 4.48 0.06 037 0.17 26.07 0.09 070 -1.28 78
NSA-C1 Ch3.0 0.01 3.63 0.07 057 0.12 28.89 0.10 074 0.02 5.46 0.08 061 0.14 31.87 0.10 078 -1.49 290
NSA-C1 Chl1.8 -0.00 2.60 0.08 0.54 0.06 18.63 0.10 0.63 0.00 3.72 0.08 056 0.07 20.46 0.10 0.65 -1.44 346
NSA-CI  Chl.0 -0.04 -377 0.08 047 -0.00 4.67 0.09 055 -003 -323 008 048 -0.00 5.5 009 056 -0.83 351

SGP-Cl Ch7.0 -0.04 -554 007 066 002 7.00 006 081 -003 -48 0.07 071 002 623 006 088 -153 128
SGP-C1 Ch45 -002 -1.64 008 0.66 0.03 12.81 0.08 0.83 -0.02 -211 0.08 0.69 0.03 12.63 008 087 -149 270
SGP-C1 Ch3.0 -0.02 -026 009 063 0.03 17.46 0.09 080 -0.02 -0.63 0.09 065 0.03 17.60 0.09 083 -1.77 451
SGP-Cl Chl.8 -0.03 -024 009 062 001 14.01 009 073 -003 -039 0.09 0.64 001 14.16 009 075 -1.86 493
SGP-C1 Ch1.0 -003 -1.77 009 058 -001 10.20 0.09 064 -003 -189 0.09 059 -0.01 1039 009 065 -1.70 533
TWP-C1  Ch7.0 -0.01 -0.69 0.06 0.83 0.02 3.99 0.08 090 0.00 0.84 0.06 091 0.04 6.38 009 099 -183 312
TWP-C1  Ch45 -0.04 -507 0.06 072 -0.04 -470 008 080 -003 -416 0.06 0.77 -0.03 -3.14 009 086 -124 312
TWP-C1 Ch3.0 -006 -868 0.07 0.65 -0.09 -12.10 0.10 067 -006 -818 0.07 0.68 -0.08 -11.26 0.10 070 -1.10 312
TWP-Cl1 Chl.8 -006 -988 0.07 0.64 -0.11 -1525 011 058 -006 -952 007 066 -010 -1470 0.11 060 -0.88 312
TWP-Cl  Chl.0 -005 -789 0.07 0.3 -0.10 -1326 0.13 052 -005 -758 0.07 0.64 -0.10 -1278 0.12 053 -030 312
TWP-C2  Ch7.0 0.00 1.41 006 077 0.02 561 0.07 0.83  0.00 1.60 0.06 0.83 0.03 6.15 007 089 -1.74 430
TWP-C2 Ch45 -002 -1.06 0.06 0.69 -0.02 -1.89 0.07 075 -0.02 -1.04 006 073 -0.02 -141 007 079 -132 436
TWP-C2 Ch3.0 -003 -431 0.06 0.65 -0.05 -7.49 0.08 0.66 -0.03 -449 0.06 0.68 -0.05 -7.32 008 068 -137 436
TWP-C2 Chl.8 -0.04 -637 0.06 0.64 -0.05 -7.31 0.10 058 -0.04 -647 0.06 0.66 -0.05 -7.17 009 059 -1.44 436
TWP-C2 Chl.0 -0.04 -541 0.06 0.64 -0.04 -0.62 0.11 052 -004 -540 0.06 0.65 -0.04 -0.35 0.10 053 -1.10 436
TWP-C3  Ch7.0 0.23 5596 0.13 0.65 047 10499 0.17 077 040 9372 0.17 068 0.82 18378 024 0.83 -334 28

TWP-C3 Ch45 0.15 42,00 0.11 0.61 042 108.10  0.16 0.67 023 60.68 0.13 0.65 0.64 163.11 020 072 -291 35

TWP-C3  Ch3.0 0.09 3069 0.11 056 029 87.71 0.15 055 0.3 4023 0.1 059 041 11793  0.17 057 -345 39

TWP-C3  Chl.8 0.05 21.74  0.10 0.54 0.13 51.36 0.15 045 0.07 2573  0.10 0.56 0.17 61.76 0.15 046 -391 39

TWP-C3 Chl.0 0.02 13.10  0.08 0.59 0.03 25.96 0.14 042 0.03 1434  0.08 0.60 0.05 28.65 0.14 043 -382 39




