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Abstract. We compare atmospheric total precipitable wa-
ter (TPW) derived from the SSM/I (Special Sensor Mi-
crowave Imager) and SSMIS (Special Sensor Microwave Im-
ager/Sounder) radiometers and WindSat to collocated TPW
estimates derived from COSMIC (Constellation System for
Meteorology, Ionosphere, and Climate) radio occultation
(RO) under clear and cloudy conditions over the oceans from
June 2006 to December 2013. Results show that the mean
microwave (MW) radiometer — COSMIC TPW differences
range from 0.06 to 0.18 mm for clear skies, from 0.79 to
0.96 mm for cloudy skies, from 0.46 to 0.49 mm for cloudy
but non-precipitating conditions, and from 1.64 to 1.88 mm
for precipitating conditions. Because RO measurements are
not significantly affected by clouds and precipitation, the bi-
ases mainly result from MW retrieval uncertainties under
cloudy and precipitating conditions. All COSMIC and MW
radiometers detect a positive TPW trend over these 8 years.
The trend using all COSMIC observations collocated with
MW pixels for this data set is 1.79 mm decade™!, with a
95 % confidence interval of (0.96, 2.63), which is in close
agreement with the trend estimated by the collocated MW
observations (1.78 mm decade™! with a 95 % confidence in-
terval of 0.94, 2.62). The sample of MW and RO pairs used
in this study is highly biased toward middle latitudes (40—
60° N and 40-65° S), and thus these trends are not represen-
tative of global average trends. However, they are represen-
tative of the latitudes of extratropical storm tracks and the
trend values are approximately 4 to 6 times the global av-
erage trends, which are approximately 0.3 mm decade™'. In
addition, the close agreement of these two trends from inde-
pendent observations, which represent an increase in TPW in

our data set of about 6.9 %, are a strong indication of the pos-
itive water vapor—temperature feedback on a warming planet
in regions where precipitation from extratropical storms is
already large.

1 Introduction

Clouds are important regulators for Earth’s radiation and hy-
drological balances. Water vapor is a primary variable that
affects cloud radiative effects and hydrological feedbacks.
In addition, the three-dimensional distribution of water va-
por is a key factor for cloud formation and distribution (So-
den et al., 2002). Held and Soden (2000) and Soden and
Held (2006) illustrated that water vapor amounts will in-
crease in response to global warming. Climate models pre-
dict that the column-integrated amount of water vapor, or to-
tal precipitable water (TPW), will increase by ~7 % per 1 K
increase in surface temperature (Wentz and Schabel, 2000;
Trenberth et al., 2005; Wentz et al., 2007). Therefore, accu-
rate observations of long-term water vapor under both clear
and cloudy skies are important for understanding the role
of water vapor in climate as well as cloud formation and
distribution, which is still one of the largest uncertainties
in understanding climate change mechanisms (IPCC, 2013).
Trends in global and regional vertically integrated total at-
mospheric water vapor, or TPW, are important indicators of
climate warming because of the strong positive feedback be-
tween temperature and water vapor enhancements. Accurate
observations of TPW are therefore important in identifying
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climate change and in verifying climate models, which esti-
mate a wide range of TPW trends (Roman et al., 2014).

The TPW depends on temperature (Trenberth and Guille-
mot, 1998; Trenberth et al., 2005). Global TPW can be de-
rived from satellite visible, infrared, and microwave sensors
(i.e., Wentz and Spencer, 1998; Fetzer et al., 2006; John and
Soden, 2007; Fetzer et al., 2008; Noél et al., 2004). However,
no single remote sensing technique is capable of completely
fulfilling the needs for climate studies in terms of spatial and
temporal coverage and accuracy. For example, while water
vapor retrievals from visible and infrared satellite sensors are
limited to clear skies over both land areas and oceans, pas-
sive microwave (MW) imagers on satellites can provide all
sky water vapor products, but only over oceans. These water
vapor products are mainly verified by comparing to reanal-
yses, radiosonde measurements, or other satellite data (i.e.,
Soden, and Lanzante, 1996; Sohn and Smith, 2003; Noél et
al., 2004; Palm et al., 2010; Sohn and Bennartz, 2008; Wick
et al., 2008, hereafter Wick2008; Milz et al., 2009; Prasad
and Singh, 2009; Pougatchev et al., 2009; Knuteson et al.,
2010; Larar et al., 2010; Wang et al., 2010; Ho et al., 2010a,
b). Results from these validation studies show that the quality
of water vapor data from different satellite sensors varies un-
der different atmospheric conditions. The change in reanaly-
sis systems and inconsistent calibration among data may also
cause uncertainty in long-term stability of water vapor esti-
mates. In addition, it is well known that radiosonde sensor
characteristics can be affected by the changing environment
(Luers and Eskridge, 1998; Wang and Zhang, 2008). Ho et
al. (2010b) demonstrated that the quality of radiosonde hu-
midity measurements varies with sensor types, adding ex-
tra difficulties in making a consistent validation of long-term
water vapor products.

MW imagers are among the very few satellite instruments
that are able to provide long-term (close to 30 years) all-
weather time series of water vapor measurements using simi-
lar sensors and retrieval techniques (Wentz, 2015). The mea-
sured radiances at 19.35, 22.235, and 37.0 GHz from SS-
MIS and 18.7, 23.8, and 37.0 GHz from WindSat are used
to derive TPW, total cloud water (TCW), wind speed, and
rainfall rates over oceans (Wentz and Spencer, 1998). These
four variables are retrieved by varying their values until the
brightness temperatures calculated using a forward model
match satellite-observed brightness temperatures. Because
MW radiation is significantly affected (absorbed or scat-
tered) by heavy rain, these four variables are only retrieved
under conditions of no or light to moderate rain (Schliissel
and Emery, 1990; Elsaesser and Kummerow, 2008; Wentz
and Spencer, 1998).

Recently, version 7.0 daily ocean products mapped to a
0.25° grid derived from multiple MW radiometers were re-
leased by Remote Sensing Systems (RSS) (Wentz, 2013).
Many validation studies have been performed by RSS by
comparing the MW TPW retrievals with those from ground-
based Global Positioning System (gb-GPS) stations (Mears

Atmos. Chem. Phys., 18, 259-274, 2018

et al., 2015; Wentz, 2015). Because the gb-GPS stations are
nearly always located on land, these validation studies use
stations located on small and isolated islands (Mears et al.,
2015). RSS results for TPW collocated with those derived
from gb-GPS over these island stations show that their mean
differences vary from station to station and can be as large
as 2 mm. The mean difference also varies with surface wind
speed, varying from 1 mm at low wind speeds to —1 mm
at high wind (20ms~!) speeds. The difference is near zero
for the most common wind speeds (6 to 12ms~!). Because
the uncertainty of the input parameters and change of an-
tenna for each GPS receiver (Bock et al., 2013), the mean
TPW(RSS) — TPW (gb-GPS) can vary from —1.5 to 1.5 mm
for a single MW radiometer (see Fig. 4 in Mears et al., 2015).
Wentz (2015) compared 17 years of Tropical Rainfall Mea-
suring Mission (TRMM) Microwave Imager (TMI) TPW
collocated with gb-GPS TPW over the region from 45° N to
45° S. The mean TMI gb-GPS TPW bias was estimated to be
0.45 mm with a standard deviation (o) of 2.01 mm.

Unlike passive MW radiometers and infrared sensors, ra-
dio occultation (RO) is an active remote sensing technique.
RO can provide all-weather, high-vertical-resolution (from
~ 100 m near the surface to ~ 1.5km at 40km) refractivity
profiles (Anthes, 2011). The basis of the RO measurement
is a timing measured against reference clocks on the ground,
which are timed and calibrated by the atomic clocks at the
National Institute of Standards and Technology (NIST). With
a GPS receiver onboard the LEO (low Earth orbit) satellite,
this technique is able to detect the bending of radio signals
emitted by GPS satellites traversing the atmosphere. With the
information about the relative motion of the GPS and LEO
satellites, the bending angle profile of the radio waves can be
used to derive all-weather refractivity, pressure, temperature,
and water vapor profiles in the neutral atmosphere (Anthes et
al., 2008).

Launched in June 2006, COSMIC (Constellation Observ-
ing System for Meteorology, Ionosphere, and Climate) RO
data have been used to study atmospheric temperature and
refractivity trends in the lower stratosphere (Ho et al., 2009a,
b, 2012) and modes of variability above, within, and be-
low clouds (Biondi et al., 2012, 2013; Teng et al., 2013;
Scherllin-Pirscher et al., 2012; Zeng et al., 2012; Mears et
al., 2012). Wick2008 demonstrated the feasibility of using
COSMIC-derived TPW to validate SSM/I TPW products
over the eastern Pacific Ocean using 1 month of data. Many
studies have demonstrated the usefulness of RO-derived wa-
ter vapor to detect climate signals of El Nifio—Southern Os-
cillation (ENSO; Teng et al., 2013; Scherllin-Pirscher et al.,
2012; Huang et al., 2013) and Madden—Julian Oscillation
(MJO; Zeng et al., 2012) and improve moisture analysis of
atmospheric rivers (Neiman et al., 2008; Ma et al., 2011).

The objective of this study is to use COSMIC RO TPW
to characterize the global TPW values and trends derived
from multiple MW radiometers over oceans, including un-
der cloudy and precipitating skies. COSMIC TPW from June
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2006 to December 2013 is compared to co-located TPW de-
rived from MW radiometers over the same time period. Be-
cause RO data are not strongly sensitive to clouds and precip-
itation, COSMIC TPW estimates can be used to identify pos-
sible MW TPW biases under different meteorological condi-
tions. We describe data sets and analysis methods used in the
comparisons in Sect. 2. The comparison results under clear
skies and cloudy skies are summarized in Sects. 3 and 4, re-
spectively. The time series analysis is in Sect. 5. We conclude
this study in Sect. 6.

2RSS version 7.0 data and COSMIC TPW data and
comparison method

2.1 RSS version 7.0 data ocean products

The RSS version 7.0 ocean products are available for SSM/I,
SSMIS, AMSR-E, WindSat, and TMI. The inversion algo-
rithm is mainly based on Wentz and Spencer (1998), in which
above a cutoff in the liquid water column (2.45 mm), water
vapor is no longer retrieved. The various radiometers from
the different satellites have been precisely intercalibrated
at the radiance level by analyzing the measurements made
by pairs of satellites operating at the same time. This was
done for the explicit purpose of producing versions of the
data sets that can be used to study decadal-scale changes in
TPW, wind, clouds, and precipitation; thus, special attention
was focused on interannual variability in instrument calibra-
tion. The calibration procedures and physical inversion al-
gorithm used to simultaneously retrieve TPW, surface wind
speed (and thereby surface wind stress and surface rough-
ness), and the total liquid water content are summarized in
Wentz (2013, 1997). This allows the algorithm to minimize
the effect of wind speed, clouds, and rain on the TPW mea-
surement.

The RSS version 7.0 daily data are available on a 0.25°
latitude x 0.25° longitude grid for daytime and nighttime
(i.e., 1440 x 720 x 2 per day). Figure la—d show the RSS
v7.0 monthly mean F16 SSMIS TPW (in millimeters), sur-
face skin temperature (in Kelvin), liquid water path (LWP,
in millimeters), and rain rate (RR, in millimeters per hour),
respectively, in 2007. Figure 1 shows that the variation in
and distribution of TPW over oceans (Fig. 1a) is, in general,
closely linked to surface skin temperature variations over the
Intertropical Convergence Zone (ITCZ) (Fig. 1b), which is
modulated by clouds and the hydrological cycle (Soden et al.,
2002). The distribution of monthly TPW is consistent with
that of cloud water, where the highest TPW values (and LWP
and RR) occur in persistent cloudy and strong convective re-
gions over the tropical western Pacific Ocean near Indonesia.

Because COSMIC reprocessed TPW data are only avail-
able from June 2006 to December 2013 (i.e., COSMIC2013),
the SSM/I F15, SSMIS F16, SSMIS F17, and WindSat RSS
version 7.01 ocean products covering the same time pe-
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Table 1. Satellite instruments used in this study.

Satellite Instrument  Operation period
DMSP F15 SSM/ December 1999—present
DMSP F16  SSMIS October 2003—present
DMSP F17 SSMIS December 2006—present
Coriolis WindSat February 2003—present

riod are used in this study. Table 1 summarizes the starting
date and end date for RSS SSM/I F15, SSMIS F16, SSMIS
F17, and WindSat data. The all sky daily RSS ocean prod-
ucts for F15, F16, F17, and WindSat are downloaded from
http://www.remss.com/missions/ssmi.

2.2 COSMIC TPW products

The atmospheric refractivity N is a function of pressure P,
temperature 7', water vapor pressure Py, and water content
W through the following relationship (Kursinski et al., 1997;
Zou et al., 2012):

P s Py
N =776 +3.73 x 10° 5 + L4Waaer +0.61 Wice, (1)

where P is the pressure in hectopascals, 7T is the temperature
in Kelvin, Py, is the water vapor pressure in hectopascals,
Wyater 18 the liquid water content in grams per cubic meter,
and W is the ice water content in grams per cubic meter.
The last two terms generally contribute less than 1 % to the
refractivity and may be ignored (Zou et al., 2012). However,
they can be significant for some applications under condi-
tions of high cloud liquid or ice water content, as shown by
Lin et al. (2010), Yang and Zou (2012), and Zou et al. (2012).
We will neglect these terms in this study, but because we are
looking at small differences between MW and RO TPW in
cloudy and precipitating conditions in this paper, we esti-
mate the possible contribution of these terms to RO TPW
and the consequences of neglecting them here. Since both
of these terms increase N, neglecting them in an atmosphere
in which they are present will produce a small positive bias
in water vapor pressure P,, and therefore total precipitable
water when integrated throughout the entire depth of the at-
mosphere.

Typical values of cloud liquid water content range from
~0.2gm™3 in stratiform clouds to 1gm™ in convective
clouds (Cober et al., 2001). Extreme values may reach
~2gm™3 in deep tropical convective clouds (i.e., cumu-
lonimbus). Ice water content values are smaller, typically
0.01-0.03 gm—3. Heymsfield et al. (2002) reported high ice
water content values ranging from 0.1 to 0.5 gm™3 in tropi-
cal cirrus and stratiform precipitating clouds, although values
rarely reach as high as 1.5 gm™3 in deep tropical convective
clouds (Leroy et al., 2017).

For extremely high values of Wygyer and Wice of 2.0 and
0.5 gm’3, the contributions to N are 2.8 and 0.3, respec-
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Figure 1. (a—e) The RSS v7.0 monthly mean F16 SSM/I (a) TPW (mm), (b) surface skin temperature (K), (¢) liquid water path (LWP, mm),
and (d) rain rate (RR, mm h_l) and (e) distribution of matches of COSMIC RO and F16, F17, and WindSat estimations of TPW used in this

study.

tively. The values of N in the atmosphere decrease expo-
nentially upward, from ~ 300 near the surface to ~ 150 at
P =500hPa. Using the extreme values above at 500 hPa,
Wyater may contribute from up to 1.6 % of N and Wi up
to 0.2 %. Thus, we may assume that in most cases the error
in N due to neglecting these terms will be less than 1 %. The
effect on TPW will be even less since clouds do not generally
extend through the full depth of the atmosphere. Finally, the
~200km horizontal averaging scale of the RO observation
footprint makes it unlikely that such extremely high values
of water and ice content will be present over this scale. We
conclude that the small positive bias in RO TPW introduced
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by neglecting the liquid and water terms in Eq. (1) will be
less than 1 %.

To resolve the ambiguity of COSMIC refractivity asso-
ciated with both temperature and water vapor in the lower
troposphere, a 1D-Var algorithm (http://cdaac-www.cosmic.
ucar.edu/cdaac/doc/documents/1dvar.pdf) is used to derive
optimal temperature and water vapor profiles while tempera-
tures and water vapor profiles from the ERA-Interim reanal-
ysis are used as a priori estimates (Neiman et al., 2008; Zeng
et al., 2012).

Note that because RO refractivity is very sensitive to wa-
ter vapor variations in the troposphere (Ho et al., 2007), and
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is less sensitive to temperature errors, the RO-derived water
vapor product is of high accuracy (Ho et al., 2010a, b). It
is estimated that 1 K of temperature error will introduce less
than 0.25 gkg ™! of water vapor bias in the troposphere in the
1D-Var retrievals. Although the first-guess temperature and
moisture are needed for the 1D-Var algorithm, the retrieved
water vapor profiles are weakly dependent on the first-guess
water vapor profiles (Neiman et al., 2008).

The horizontal footprint of a COSMIC observation is
about 200 km in the lower troposphere and its vertical res-
olution is about 100 m near the surface and 1.5 at 40km.
The COSMIC post-processed water vapor profiles ver-
sion 2010.2640 collected from the COSMIC Data Analy-
sis and Archive Center (CDAAC) (http://www.cosmic.ucar.
edu/) are used to construct the COSMIC TPW data. To fur-
ther validate the accuracy of COSMIC-derived water vapor,
we have compared COSMIC TPW values with those derived
from ground-based GPS (i.e., International Global Naviga-
tion Satellite Systems—IGS; Wang et al., 2007), which are
assumed to be independent of location. Only those COSMIC
profiles whose lowest penetration heights are within 200 m
of the height of ground-based GPS stations are included. Re-
sults showed that the mean global difference between IGS
and COSMIC TPW is about —0.2 mm with a standard devia-
tion of 2.7 mm (Ho et al., 2010a). Similar comparisons were
found by Teng et al. (2013) and Huang et al. (2013).

2.3 Preparation of COSMIC TPW data for comparison

In this study, only those COSMIC water vapor profiles pen-
etrating lower than 0.1 km are integrated to compute TPW.
Approximately 70 to 90 % of COSMIC profiles reach to
within 1km of the surface (Anthes et al., 2008). Usually
more than 30 % of COSMIC water vapor profiles reach be-
low 0.1 km in the midlatitudes and higher latitudes and a lit-
tle bit less than 10 % in the tropical regions. To compensate
for the water vapor amount below the penetration height, we
follow the following procedure:

i. We assume that the relative humidity below the penetra-
tion height is equal to 80 %. This is a good assumption,
especially over oceans near the sea surface (Mears et al.,
2015).

ii. The temperatures below the penetration height are taken
from the ERA-Interim reanalysis.

iii. We compute the water vapor mixing ratio below the
penetration heights.

iv. We integrate the TPW using COSMIC water vapor pro-
files above the penetration heights with those water va-
por profiles below the penetration heights.

The COSMIC TPW estimates are not very sensitive to the
assumption of 80 % relative humidity below 0.1 km (step i
above). The assumption of 80 % £ 10 % (i.e., 90 and 70 %)
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relative humidity below 0.1 km introduces an uncertainty of
about £0.03 mm in the water vapor—COSMIC comparisons
for all conditions. As shown in Sect. 4, this uncertainty is
small compared to the observed differences between the RO
and MW estimates.

Pairs of MW and RO TPW estimates collocated within
50km and 1h are collected. The location of RO observa-
tion is defined by the RO tangent point at 45 km altitude.
Wick2008 used MW-RO pairs within 25 km and 1 h in time.
To evaluate the effect of the spatial difference on the TPW
difference, we also computed TPW differences for MW-
RO pairs within 75, 100, 150, and 200 km. We found that
the larger spatial difference increases the mean TPW bi-
ases slightly to £0.25 mm and the standard deviations to
£1.91 mm, which is likely because of the high spatial vari-
ability in water vapor. Note that, although not shown, the
mean biases and standard deviations of the mean biases are
slightly larger over the tropics than over midlatitudes. This
could be because of the combined effect of the larger spatial
TPW variation in the tropical region than that in the midlati-
tudes (see Fig. 1a and Neiman et al., 2008; Teng et al., 2013;
Mears et al., 2015) and the fact that the MW TPW retrieval
uncertainty is also larger over stronger convection regions.
More results are detailed in Sect. 4.

With a 0.25° x 0.25° grid, there are about 20 to 60 MW
pixels matching one COSMIC observation. The number of
pixels varies at different latitudes. A clear MW-RO pair is
defined as instances when all the TCW values for the col-
located MW pixels are equal to zero. A cloudy MW-RO en-
semble is defined as instances when all the TCW values from
the collocated MW pixels are larger than zero. Partly cloudy
conditions (some of pixels zero and some nonzero) are ex-
cluded from this study. The cloudy ensembles are further
divided into precipitating and non-precipitating conditions.
MW-RO pairs are defined as cloudy non-precipitating when
less than 20 % of MW pixels have rainfall rates larger than
0Ommh~!. Cloudy precipitating MW-RO pairs are defined
when more than 20 % of the pixels have rainfall rates larger
than zero. Because microwave radiances are not sensitive to
ice, we treat cloudy pixels of low density like cirrus clouds
as clear pixels.

The matching pairs of RO and MW observations are not
distributed uniformly over the world’s oceans. In fact, they
are heavily concentrated in middle latitudes, as shown in
Fig. le. This biased distribution is caused by several factors,
including the polar orbits of the satellites, which produce
more observations in higher latitudes, and also the failure of
many COSMIC RO soundings to penetrate to 0.1 km in the
subtropics and tropics (due to super-refraction, which is of-
ten present in these regions). Thus, the results presented here,
especially the trends, are not representative of global aver-
ages. However, the main purpose of this paper is to compare
two independent satellite systems for obtaining TPW under
varying sky conditions. If the agreement is good, one has
confidence in both systems. In this case, SSM/I and Wind-

Atmos. Chem. Phys., 18, 259-274, 2018


http://www.cosmic.ucar.edu/
http://www.cosmic.ucar.edu/

264

S.-P. Ho et al.: Comparison of global total precipitable water derived from microwave and COSMIC data

Clear Clear
70F T T T T T 70F T T T T T A
£ Mean bias = 0.058 (F15 - COSMIC) 3 Mean bias = 0.031 (F16 - COSMIC) .
soF. Stand. deviation = 1.655 (a)3 6oL Stand. deviation= 1.470 (b)
£ Number = 3064 E  Number = 3551 ”
E Y =0.986X+0.176 e E Y =1.003X + 0.005 i
50 . E 50 E “ 3
— L el E oA 3
£ E s’ o i E E e se7° E
E 40 ~9¢ 3 E 40 S 3% . 3
= ; iz ok
= E . ¥ i g E . 0l E
0 30F ol E 030_' -':.'f' 3
* 37 * CEL 3
20 * 3 20 Qoo ° E
E ] 3 E LS 3
E o E 7" 3
10E = E 10E : E
0- M T N Liss Loas Dasoneesnsl s 0 bt Lisersiessl saasl paleen iles Liss
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
COSMIC TPW (mm) COSMIC TPW (mm)
Clear Clear
70F T T T T T A 70 T T T T T T g
E  Mean bias = 0.069 (F17 - COSMIC) E Mean bias = 0.182 (WindSat - COSMIC) E
60 Stand. deviation= 1.472 (c)3 60F Stand. deviation= 1.348 (d)_
£ Number = 2888 E £ Number = 1802
E Y=1.012X-0.039 . B E Y =0.997X + 0.208 E
50 -' 3 = 50F 2 3
—_ o i E oSN E
E i i E
E 40f oy gl E gy E
2 D 1 g 3
o E PRy 3 = 3
P s0f e E E
e E o % Z E PN E
E S % ; {\ E
20F 4 7 20fF 3
10¢ "' 3 10 _i
0 ; L 1 1 1 I 1 3 0 L | 1 1 1 )
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
COSMIC TPW (mm) COSMIC TPW (mm)

Figure 2. TPW scatter plots for the COSMIC and RSS version 7.0 pairs under clear conditions for (a) F15, (b) F16, (¢) F17, and (d) WindSat.

Sat estimates of TPW will be verified and can then be used
with confidence globally, including where RO observations
are sparse or do not exist.

3 Comparison of MW and RO TPW with clear skies

In total there are 26678 F15-RO pairs, 32610 F16-RO
pairs, 31291 F17-RO pairs, and 21 996 WindSat-RO pairs
from June 2006 to December 2013. Figure 2a—d show scat-
ter plots for F15-COSMIC TPW, F16-COSMIC TPW, F17-
COSMIC TPW, and WindSat—-COSMIC TPW under clear
skies. Figure 2a—d show that the MW clear sky TPW val-
ues from F15, F16, F17, and WindSat are all very con-
sistent with those from co-located COSMIC observations.
As summarized in Table 2, under clear conditions where
SSM/T provides high-quality TPW estimates, the mean TPW
bias between F16 and COSMIC (F16-COSMIC) is equal to
0.03 mm with a standard deviation ¢ of 1.47 mm. The mean
TPW differences are equal to 0.06 mm with a o of 1.65 mm
for F15, 0.07 mm with a o of 1.47 mm for F17, and 0.18 mm
with a o of 1.35mm for WindSat. The reason for a larger
standard deviation for F15 may be because the F15 data af-
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ter August 2006 were corrupted by the “rad-cal” beacon that
was turned on at this time (Hilburn and Wentz, 2008). On
14 August 2006, a radar calibration beacon (rad-cal) was ac-
tivated on F15. This radar interfered with the SSM/I, pri-
marily the 22V channel, which is a key channel for water
vapor retrievals. Although a correction method derived by
Hilburn and Wentz (2008) and Hilburn (2009) was applied,
the 22V channel is not fully corrected (Wentz, 2013). As a
result, there are still errors in the water vapor retrievals. F16
had solar radiation intrusion into the hot load during the time
period, while F17 and WindSat had no serious issues.

4 Global comparisons of MW and RO TPW with
cloudy skies

4.1 Comparison of MW, RO, and ground-based GPS
TPW

Figure 3a—c depict the scatter plots for F16—COSMIC pairs
under cloudy, cloudy non-precipitating, and precipitating
conditions from June 2006 to December 2013 over oceans.
While there is a very small bias (0.031 mm) for clear pixels

www.atmos-chem-phys.net/18/259/2018/
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Table 2. Mean and standard deviation of differences (MW minus RO) in TPW (mm) between four MW radiometers and COSMIC RO under
various sky conditions. The sample numbers for each pair are shown in the third position of each column.

Sky condition Mean/o/N

F15 F16 F17 WindSat
Clear 0.06/1.65/3064 0.03/1.47/3551 0.07/1.47/2888 0.18/1.35/1802
Cloudy 0.80/1.92/23614  0.79/1.73/29059  0.82/1.76/28403  0.96/1.73/20 194
Non-precip. 0.49/1.69/17223  0.46/1.46/21854  0.47/1.49/21371  0.49/1.36/13 004
Precip. 1.64/2.28/6391 1.83/2.05/7205 1.88/2.08/7032 1.85/2.00/7190

(Fig. 2b), there is a significant positive TPW bias (0.794 mm)
under cloudy conditions (Fig. 3a). This may explain the

close to 0.45 mm mean TMI gb-GPS TPW biases found by - - . _Cloudy _ , . ]
Wentz (2015) in which close to 7 years of data were used. o e = /st LIS =COSMIC) B
Figure 3c depicts that the large SSM/I TPW biases under %9 Number - 20059 " (@)
cloudy skies are mainly from the pixels with precipitation _ 50 V= 1.022X +0.480 . e E
(mean bias is equal to 1.825 mm) although precipitation pix- E 4 o 3
els are of about less than 6 % of the total F16-COSMIC 3 . alk
pairs. Because RO measurements are not significantly af- ?_; S0 . .. E
fected by clouds and precipitation, the biases mainly result % 20 . 5 * E
from MW retrieval uncertainty under cloudy conditions. The A X n 3
fact that the MW-COSMIC biases for precipitating condi-
tions (1.825 mm, Fig. 3c, and 1.64—1.88 mm in Table 2) are 00 1‘0 2‘0 3‘0 4‘0 5‘0 6‘0 7:0
much larger than those for cloudy but non-precipitating con- COSMIC TPW (mm)
ditions indicates that significant scattering and absorbing ef- 70 e B TS 4.£';’:fg_‘“.’2;;:;;.c paation T
fects are present in the passive MW measurements when sob Stand. deviation 1 460 i _
it rains. The correlation coefficients for F15-RO, F16-RO, {‘(‘ll:;bg; s )(21805321 - g (b)é
F17-RO, and WindSat-RO pairs for all sky conditions are £ 50 ’ ' % vl 3
all larger than 0.96 (not shown). E 4 L& "] E
MW and gb-GPS TPW comparisons show differences z w0
similar to the MW-RO differences under different sky con- E == Py E
ditions. We compared F16 pixels with those from gb-GPS * 20 'e* ’ E
within 50 km and 1 h over the 33 stations studied by Mears et 10 ? _
al. (2015) from 2002 to 2013. Figure 4a—d depict the scatter 3
plots for F16 gb-GPS TPW under clear, cloudy, cloudy non- Oo 0 20 5 40 85 50 7:0
precipitating, and cloudy precipitating conditions, respec- COSMIC TPW (mm)
tively. The F16-gb-GPS mean biases are equal to 0.241 mm L s emespgese: (F16-F:cr:ec§§r:|?::))'n . W e
(clear skies), 0.614 mm (cloudy skies), 0.543 mm (cloudy sob Stand. deviation  2.050 I ':
non-precipitating), and 1.197 mm (precipitating), which are ﬁ“:}bg{) 7=x7 3011 686 Wy SOF
similar to those estimated from MW-RO comparisons (Ta- z 20 ' ' e 4 "". 5 g E
ble 2). E 4 il 3
The results above show that the MW estimates of TPW are ?';2 % WET 3
biased positively compared to both the RO and the ground- © - e :
based GPS estimates, which are independent measurements. * 20 . . 5
The biases are smallest for clear skies and largest for pre- 10Es . 3
cipitating conditions, with cloudy, non-precipitating biases o E
in between. Overall, the results suggest that clouds and es- % 10 0 S5 © 8o 80 =5

pecially precipitation contaminate the MW radiometer mea-
surements, which in turn affect the MW TPW retrievals.

COSMIC TPW (mm)

Figure 3. TPW scatter plots for the COSMIC and RSS version 7.0
F16 SSM/I pairs under (a) cloudy, (b) cloudy but non-precipitating,
and (c) precipitating conditions.
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Figure 4. TPW scatter plots for the gb-GPS and RSS version 7.0 F16 SSM/I pairs from June 2006 to December 2013 under (a) clear,
(b) cloudy, (¢) cloudy but non-precipitating, and (d) precipitating conditions.

4.2 Time series of MW, RO, and ground-based TPW
biases under various meteorological conditions

To further examine how rain and cloud droplets affect the
MW TPW retrievals, we show how the F16—RO TPW biases
vary under different meteorological conditions in Fig. 5. The
bias dependence on wind speed (Fig. 5a) is small. Unlike the
results from Mears et al. (2015), the mean TPW biases be-
tween F16 and COSMIC are within 0.5 mm with high winds
(wind speed larger than 20ms~!). Figure 5b indicates that
the F16—-COSMIC bias is larger, with a TPW greater than
about 10 mm, which usually occurs under cloudy conditions.
The F16—COSMIC biases can be as large as 2.0 mm when the
rainfall rate is larger than 1 mmh~! (Fig. 5c), which usually
occurs with high total liquid cloud water conditions. The F16
TPW biases can be as large as 2 mm when total cloud water is
larger than 0.3 mm (Fig. 5d). Figure Se shows that the larger
F16-COSMIC TPW biases (2-3 mm) mainly occur over re-
gions with a surface skin temperature less than 270 K (higher
latitudes; see Fig. 1b). The F15, F17, and WindSat TPW bi-
ases under different meteorological conditions are very sim-
ilar to those of F16 (not shown).

In Fig. 6 we compare RSS v7.0 F16 MW TPW to the
gb-GPS TPW over various meteorological conditions. The

Atmos. Chem. Phys., 18, 259-274, 2018

magnitudes of the MW gb-GPS TPW differences under high
rain rate and high total cloud water conditions are somewhat
smaller than those of MW-RO pairs (varying from about 0.5
to 2.0mm), which may be because most of the MW gb-
GPS samples are collected under low rain rates (less than
Immh™1).

5 An 8-year time series and trend analysis under all
skies

5.1 Monthly mean TPW time series comparison

To further examine MW TPW long-term stability and trend
uncertainty due to rain and water droplets for different in-
struments, we compared time series of the MW and COS-
MIC monthly mean TPW differences from June 2006 to De-
cember 2013. Figure 7a—d show the monthly mean F16-
COSMIC TPW differences from June 2006 to December
2013 for clear, cloudy, cloudy non-precipitating, and pre-
cipitating conditions. In general, the microwave TPW bi-
ases under different atmospheric conditions are positive and
stable from June 2006 to December 2013, as reflected in
relatively small standard deviation values (Table 3). Except
for F15, the standard deviations of the monthly mean TPW

www.atmos-chem-phys.net/18/259/2018/
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Table 3. Mean and standard deviation (SD) of the mean in millimeters of the monthly time series of differences of MW minus RO TPW
under various sky conditions. The trend of the RO estimates of TPW (mm decade_l) and the 95 % confidence level are shown below the

mean and o values in each row.

Sky condition

Mean and o of monthly time series

RO trend (95 % confidence levels indicated in parentheses)

F15 F16 F17 WindSat

Clear 0.07/0.56 0.05/0.28 0.08/0.27 0.23/0.38
1.65(0.47,2.84) 1.09 (—0.28,2.46) 0.21 (—1.22,1.65) —0.12 (—1.89,1.66)

Cloudy 0.77/0.51 0.78/0.18 0.82/0.15 0.95/0.17
1.49 (0.40,2.58) 2.02(0.87,3.16) 1.85 (0.64,3.06) 1.85(0.68,3.01)

Non-precipitating 0.46/0.48 0.45/0.17 0.48/0.15 0.47/0.19
0.86 (—0.24,1.95) 2.02 (0.87,3.17) 2.37(1.23,3.50) 2.12 (0.95,3.30)

Precipitating 1.62/0.69 1.81/0.31 1.88/0.29 1.88/0.32
2.52(0.55,4480 1.32(—0.53,3.17) 0.26 (—1.59,2.10) 0.39 (—1.25,2.04)

anomaly range are less than 0.38 mm (Table 3). In contrast,
the F15-COSMIC monthly mean o values range from 0.48
to 0.69 mm with different conditions.

Table 3 also shows the trend in the RO estimates of
TPW differences over the 8-year period of study. The trends

www.atmos-chem-phys.net/18/259/2018/

range from —0.12 mm decade™! (WindSat, clear skies) to
2.52mmdecade™! (F15, precipitating conditions). The over-
all trend of TPW as estimated by RO (second line in each
row of Table 3) is positive, as discussed in the next section.
Table 3 shows that in general the trends are more strongly
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positive under cloudy and precipitating conditions compared
to clear conditions.

5.2 Deseasonalized trends of MW-RO TPW differences

Figure 8 depicts the deseasonalized trends of the MW-
RO TPW differences for F15 (Fig. 8a), F16 (Fig. 8b), F17
(Fig. 8c), and WindSat (Fig. 8d) under cloudy skies. Except
for F15, the deseasonalized trends of the MW-RO TPW dif-
ferences for the MW radiometers are close to zero, indicating
little change over these 8 years. The trends of the biases as-
sociated with F15, F16, F17, and WindSat under all sky con-
ditions range from —0.09 to 0.27 mm decade™! (details not
shown).

The reason for larger standard deviations of the MW mi-
nus RO differences for F15 (Tables 2 and 3 and Fig. 8a) is
very likely because the F15 data after August 2006 were cor-
rupted by the rad-cal beacon that was turned on at this time.
Adjustments were derived and applied to reduce the effects
of the beacon, but the final results still show excess noise
relative to uncorrupted measurements (Hilburn and Wentz,
2008). RSS does not recommend using these measurements
for studies of long-term change. Thus, we consider the F15
data less reliable during the period of our study.

Figure 9 shows the deseasonalized time series of the
monthly mean TPW for all MW and RO pairs under all
sky conditions. The nearly 8-year trends for TPW esti-
mated from both passive MW radiometers and active COS-
MIC RO sensors are positive and very similar in mag-
nitude. The mean trend of all COSMIC RO TPW is
1.79 mm decade™! with a 95 % confidence interval of [0.96,
2.63] mm decade™! while the mean trend from all the MW

www.atmos-chem-phys.net/18/259/2018/

estimates is 1.78 mm decade ™! with a 95 % confidence in-
terval of [0.94, 2.62]. This close agreement between com-
pletely independent measurements lends credence to both es-
timates. The mean TPW over this period, calculated from all
MW data in our data set was 26.04 mm; thus, the trend of
1.78 mm decade ! represents a trend of approximately 6.9 %
per decade for our data set.

As discussed earlier, the trend of 1.78 mmdecade™! is
heavily biased toward middle latitudes (40-60° N and 40-
65° S) and is not representative of a global average. In fact,
it is four to six times larger than previous estimates over
earlier time periods. For example, Durre et al. (2009) esti-
mated a trend of 0.45 mm decade™! for the Northern Hemi-
sphere over the period 1973-2006. Trenberth et al. (2005)
estimated a global trend of 0.40 +0.09 mm decade ™! for the
period 1988 to 2001. Using SSM/I data, Wentz et al. (2007)
estimated an increase of 0.354 mm decade™! over the period
1997-2006. The 100-year trend in global climate models is
variable, ranging from 0.55 to 0.72 mm decade ™! (Roman et
al., 2014).

The very close agreement between RO and MW observa-
tions where they coexist gives credibility to both observing
systems and allows us to use global MW data to compute
global TPW trends over all oceanic regions, including where
RO observations are sparse or absent. Figure 10 shows the
global map of TPW trends over oceans using all F16, F17,
and WindSat data from 2006 to 2013. Figure 10 shows that
the positive trends in TPW occur mainly over the central and
northern Pacific, south of China and west of Australia, south-
east of South America, and east of America. Positive trends
also exist in general over the middle latitudes (40—60° N and
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Figure 10. The global map of TPW trend in millimeters per decade
over oceans using all F16, F17, and WindSat data from 2006 to
2013.

40-65° S) where most of our matching RO and MW data
pairs occur.

Mears et al. (2017) computed global average (60°S to
60°N) TPW using a number of data sets from 1979 to
2014. Figure 11 shows the data from the ERA-Interim re-
analysis (Dee et al., 2011), RSS MW, and COSMIC. (This
figure was obtained using the same data used to construct
Fig. 2.16 in Mears et al., 2017). Figure 11 shows close agree-
ment between RSS MW and COSMIC. The global mean
trend from June 2006 to December 2013 from the COS-
MIC observations is 0.32 mm decade™! and for RSS MW it
is 0.31 mm decade ™.

6 Conclusions and discussions

RSS water vapor products have been widely used for cli-
mate research. The newly available RSS v7.0 data prod-
ucts have been processed using consistent calibration pro-
cedures (Wentz, 2013). This was done for the explicit pur-
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pose of producing versions of the data sets that can be used
to study decadal-scale changes in TPW, wind, clouds, and
precipitation. These water vapor products are mainly veri-
fied by comparing to reanalyses, radiosonde measurements,
or other satellite data. However, because the quality of these
data sets may also vary under different atmospheric con-
ditions, the uncertainty in long-term water vapor estimates
may still be large. In this study, we used TPW estimates de-
rived from COSMIC active RO sensors to identify TPW un-
certainties from four different MW radiometers under clear,
cloudy, cloudy and non-precipitating, and cloudy and precip-
itating skies over nearly 8 years (from June 2006 to Decem-
ber 2013). Because RO data have low sensitivity to clouds
and precipitation, RO-derived water vapor products are use-
ful for identifying the possible TPW biases retrieved from
measurements of passive microwave imagers under different
sky conditions. We reach the following conclusions:

1. Clear sky biases. The collocated COSMIC RO TPW
estimates under clear skies are highly consistent with
the MW TPW estimates under clear sky conditions
(within £0.2mm and with a correlation coefficient
greater than 0.96). The mean TPW bias between F16
and COSMIC (F16—COSMIC) is equal to 0.03 mm with
a standard deviation o of 1.47 mm. The mean TPW dif-
ferences are equal to 0.06 mm with a o of 1.65mm
for F15, 0.07mm with a o of 1.47mm for F17, and
0.18 mm with a o of 1.35mm for WindSat. The con-
sistent F15-COSMIC, F16-COSMIC, F17-COSMIC,
and WindSat—-COSMIC TPW under clear skies show
that COSMIC TPW can be used as reliable reference
data to identify and correct TPW among different MW
imagers for other sky conditions.

2. Biases under cloudy skies. While there are very small
biases for clear pixels, there are significant positive
MW TPW biases (~ 0.80 mm) under cloudy conditions
when compared to RO TPW. The large SSM/I TPW bi-
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Figure 11. Global mean TPW monthly anomaly (mm) relative to 1981-2010 mean for ocean regions 60° S—60° N from ERA-Interim
reanalysis (green), RSS microwave (blue), and COSMIC (red). (Based on data from Mears et al., 2017).

ases under cloudy skies result mainly from the pixels
with precipitation. The mean bias is equal to 1.83 mm
for COSMIC-F16 pairs, which is much larger than
the bias for cloudy, but non-precipitating conditions.
This indicates that the significant scattering and absorb-
ing effects are present in the passive MW measure-
ments when it rains. The F16 — gb-GPS mean biases
are equal to 0.24mm (for clear skies), 0.61 mm (for
cloudy skies), 0.54 mm (for cloudy/non-precipitating
skies), and 1.2 mm (for precipitating skies), which are
consistent with those from F16—-COSMIC comparisons.

3. Biases among different instruments. Using RO TPW
estimates collocated with different MW instruments,
we are able to identify possible TPW inconsistencies
among MW instruments even they are not collocated.
The deseasonalized trends in MW-RO TPW differences
for three MW radiometers (i.e., F16, F17, and WindSat)
are close to zero, indicating consistency among these ra-
diometers. However, the F15—-COSMIC differences are
larger and show a significant trend over the 8 years of
the study. It is likely that F15 data after August 2006
were corrupted by the rad-cal beacon that was turned on
at this time.

4. Trend of TPW under all skies. The 8-year trends
of TPW estimated from both passive MW radiometer
and active COSMIC sensors in our data set show in-
creasing TPW, with slightly higher trends under cloudy
conditions. The mean trend of COSMIC RO TPW
collocated with MW observations in our data set is
1.79 mm decade™! with a 95 % confidence interval of
[0.96, 2.63]mmdecade™!. The corresponding mean
trend from all the MW estimates is 1.78 mm decade ™!
with a 95 % confidence interval of [0.94, 2.62]. The
mean trend from all the MW estimates under cloudy
conditions is 1.93 mm decade ! with a 95 % confidence
interval of [0.97, 2.89]. The mean trend from all the
COSMIC RO TPW estimates under cloudy conditions
is 1.82 mm decade ™! with a 95 % confidence interval of
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[0.88,2.76]. These increases represent about a 6.9 % per
decade increase in the mean TPW of our data set. The
close agreement between completely independent mea-
surements lends credence to both estimates.

The trends of TPW in our data set, which are heavily bi-
ased toward middle latitudes (40-60° N and 40-65°S) are
higher than previous global estimates over earlier time peri-
ods by about a factor of 4 to 6. As also shown by the regional
distribution of TPW trends estimated from the MW observa-
tions, the large positive trends in these latitudes, which are
the main latitudes of extratropical storm tracks, are a strong
confirmation of the water vapor-temperature feedback in a
warming global atmosphere, particularly under cloudy con-
ditions.

Other studies have suggested that this positive feedback
results in a nearly constant global mean relative humidity
(Soden and Held, 2006; Sherwood et al., 2010). However,
it is difficult to directly relate our estimated TPW trends
to a constant RH hypothesis of Earth’s atmosphere under
global warming. The global mean surface temperature has
been rising at about the rate of 0.2 K decade™! in the past
20 years. A 0.2K increase in temperature would produce
about a 1.4 % increase in saturation water vapor pressure
based on the Clausius—Clapyron equation. To maintain a con-
stant RH for this temperature increase, the actual water vapor
pressure (and specific humidity) would also have to increase
by 1.4 %. In this study, we observe an increase in TPW in
our data set of about 1.78 mm decade ™!, which is a 6.9 % in-
crease per decade in TPW. Our data set is dominated mainly
by cloudy samples over middle latitudes (40-60° N and 40—
65°8S). Thus, from these numbers alone we would expect
an increase in mean RH under cloudy conditions by more
than 6 %, which is unlikely and well outside the range of
changes in relative humidity in models (e.g., Fig. 2 in Sher-
wood et al., 2010). However, the changes in the global mean
RH are not related in such a simple fashion to changes in the
global mean temperature and precipitable water. For exam-
ple, Fig. 10 depicts that there are very large differences in the
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spatial distribution of TPW changes, which shows regional
variations of -4 mm decade™!. Thus, some regions are dry-
ing and others are moistening. The variations in global mean
surface temperature are also large, but very different from
those of TPW, with the polar regions and continents warm-
ing up much faster than the atmosphere over the oceans. In
cold polar regions, an increase in temperature will result in
a smaller increase in saturation vapor pressure than the same
increase in temperature in the tropics. The global evaporation
and precipitation patterns also vary greatly, as water vapor
transport is important in the global water vapor balance. All
of this, as discussed by Held and Soden (2000), Soden and
Held (2006), and Sherwood et al. (2010) means that the re-
lationships between global mean temperature increase, TPW
changes, and the resulting change in global mean RH are not
simple.
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