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[1] We use microwave retrievals of upper tropospheric humidity (UTH) to estimate the
impact of clear-sky-only sampling by infrared instruments on the distribution, variability,
and trends in UTH. Our method isolates the impact of the clear-sky-only sampling,
without convolving errors from other sources. On daily time scales, IR-sampled UTH
contains large data gaps in convectively active areas, with only about 20-30 % of

the tropics (30°S—30°N) being sampled. This results in a dry bias of about =9 %RH in the
area-weighted tropical daily UTH time series. On monthly scales, maximum clear-sky bias
(CSB) is up to —30 %RH over convectively active areas. The magnitude of CSB

shows significant correlations with UTH itself (—=0.5) and also with the variability in
UTH (-0.6). We also show that IR-sampled UTH time series have higher interannual
variability and smaller trends compared to microwave sampling. We argue that a
significant part of the smaller trend results from the contrasting influence of diurnal drift in
the satellite measurements on the wet and dry regions of the tropics.

Citation: John, V. O., G. Holl, R. P. Allan, S. A. Buehler, D. E. Parker, and B. J. Soden (2011), Clear-sky biases in satellite
infrared estimates of upper tropospheric humidity and its trends, J. Geophys. Res., 116, D14108, doi:10.1029/2010JD015355.

1. Introduction

[2] Water vapor in the upper troposphere is important for
radiative and hydrological feedbacks in the climate system
[e.g., Held and Soden, 2000]. Measurements of 6.7 um
channel (Channel 12) radiance from the High Resolution
Infrared Radiation Sounder (HIRS) instrument on National
Oceanic and Atmospheric Administration (NOAA) polar
orbiting satellites have provided a vital infrared (IR) record
of upper tropospheric humidity (UTH, defined as the relative
humidity in the upper troposphere weighted by the Jacobian
of Channel 12) since 1979 [e.g., Soden and Bretherton,
1996]. HIRS UTH data have been used for a variety of
purposes such as evaluating the humidity distribution [e.g.,
Soden and Bretherton, 1996], comparing with in situ mea-
surements [Soden and Lanzante, 1996], studying the vari-
ability [Bates et al., 1996, 2001; McCarthy and Toumi,
2004], evaluating climate models [Bates and Jackson,
1997; Allan et al., 2003; Soden et al., 2005], and for esti-
mating trends [Bates and Jackson, 2001; Soden et al., 2005].
These studies have used various versions of the clear-sky
HIRS data set developed by the NOAA’s National Climate
Data Center (NOAA/NCDC). Since clouds are not trans-
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parent to IR radiation and the tropics contain extensive
coverage of upper level clouds [e.g., Sassen et al., 2008], IR
UTH retrievals require careful screening of cloud.

[3] Cloud contamination of IR measurements can intro-
duce a positive UTH bias [Soden and Lanzante, 1996].
However, more important is a dry bias or clear-sky bias
(CSB) introduced by the preferential sampling of drier,
lower UTH cloud-free scenes by the IR measurements
[Lanzante and Gahrs, 2000]. This poses a challenge in
comparing IR UTH data sets with consistently sampled
clear-sky UTH simulated by climate models [Cess and
Potter, 1987; Allan et al., 2003]. From a climate model,
clear-sky diagnostics are calculated at any required time step
by setting cloud fraction to zero in a radiative transfer
model. However, IR satellite measurements of clear-sky
radiances are not possible when there is a cloud at or above
the dominant emitting layers of the atmosphere in the field
of view of the satellite instrument. This issue was also raised
by Buehler et al. [2008] when comparing IR UTH with
other humidity data sets and is a general problem in the
estimates of clear-sky fields from satellite infrared and
visible measurements [Erlick and Ramaswamy, 2003; Allan
et al., 2003; Allan and Ringer, 2003; Sohn et al., 2006; Sohn
and Bennartz, 2008]. Lanzante and Gahrs [2000] reported a
modest (a few percent of RH) CSB in satellite IR mea-
surements although the analysis remains inconclusive due to
limitations [e.g., Soden and Lanzante, 1996; Moradi et al.,
2010] of the radiosonde observations.

[4] Recently, Sohn et al. [2006] also estimated the dry
bias in IR clear-sky UTH estimates using upper tropospheric
water vapor (UTW, in kg m ?) retrieved from the Special
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Figure 1. (top) Area-weighted, tropical, 400 hPa relative humidity (RH) anomaly time series of the
ERA-Interim reanalysis. Daily data are used, and a 30 day smoothing is applied for clarity. Clear areas
represent grid points where the total cloud clover from the reanalysis is less than 30%. The slopes of linear
trends are —1.08 £ 0.10 and —1.50 + 0.10 %RH per decade for all and clear areas, respectively. The clear
minus all time series (not shown) has a linear trend of —0.43 + 0.07 %RH per decade. Error estimate of the
linear trend is calculated by taking into account the autocorrelation of the time series as described by
Santer et al. [2000]. (bottom) The clear fraction of the tropics. A linear fit which has a slope of

—0.50 £ 0.13 % per decade is also shown.

Sensor Microwave/Temperature-2 (SSM/T-2), seasonal mean
atmospheric temperature and water vapor profiles from the
NCEP [Kalnay et al., 1996] reanalysis, and cloud informa-
tion from the International Satellite Cloud Climatology
Project (ISCCP) data set. Through this indirect method, they
estimated the dry bias to be 20-30 %RH in highly con-
vective areas, a significantly higher value than the estimate
of Lanzante and Gahrs [2000]. However, errors in UTW,
ISCCP cloud products, and NCEP profiles are likely to have
affected these results.

[5] The aim of the present study is to isolate only the
impact of clear-sky-only sampling and to avoid errors from
other factors and data sets. Another motivation of this study
is to explore the impacts of clear-sky-only sampling on the
variability and trend of a UTH data set. Lanzante and Gahrs
[2000] speculated IR satellite data may underestimate UTH
trend in the tropics by a factor of 0.15. Allan et al. [2003]
used climate model simulations to suggest that clear-sky
sampling did not affect interannual variability significantly.
However, so far in the literature, discussions on the impacts
of clear-sky-only sampling are generally limited to the
distribution of humidity.

[6] To illustrate the potential influence of clear-sky sam-
pling on trends and variability, we show time series of
400 hPa relative humidity (RH) anomalies, area-weighted
over the tropical (30S-30N) all and clear areas, in Figure 1,
top, using 20 years (1989-2008) of daily humidity and
cloud cover data from the ERA-Interim reanalysis [Simmons
et al., 2007]. Clear areas are identified here by grid boxes
with less than 30 % cloud cover. It is evident that the
interannual variability and trend of the clear areas are sig-
nificantly different from those for the whole tropics. This

suggests that caution should be taken when analyzing the IR
UTH data, which samples only clear areas, to find out
variability and trends in UTH and provides a further moti-
vation for assessing the effect of clear-sky-only sampling on
satellite IR UTH data sets.

[7] Since late 1998, microwave (MW) instruments such as
the Advanced Microwave Sounding Unit-B (AMSU-B) and
the Microwave Humidity Sounder (MHS) have been flown
together with HIRS. The instruments have similar spatial
sampling characteristics (cross-track scanning, with very
similar viewing geometries) and the weighting function of
one of the microwave channels (183.31 = 1.00 GHz) is
similar to that of HIRS Channel 12, thus allowing for
coincident UTH measurements. Microwave data are only
contaminated by precipitating cold clouds: less than 5 % of
the data are discarded as cloud contaminated, thus they
provide an almost all-sky UTH data set [e.g., Brogniez and
Pierrehumbert, 2007]. The present study therefore provides
a unique opportunity to estimate the impacts of clear-sky-
only sampling in the IR UTH using MW UTH.

[8] This article is organized as follows: Section 2 contains
description of data sets used and analysis method, section 3
discusses the results and section 4 provides the summary
and discussion.

2. Data and Method

2.1. Study Approach

[o] Buehler et al. [2008] estimated the impact of cloud-
filtering on UTH from microwave measurements on
monthly time scales to be less than 5%RH in the tropics (see
their Figure 4). They calculated the difference between UTH
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from using all pixels and UTH from only clear pixels. Note
that “clear” for microwave is different from “clear” for
infrared. UTH data calculated without cloud filtering have
some values more than 100%RH with respect to water due to
cloud contamination. Therefore, estimates by Buehler et al.
[2008] can be considered as the upper limit of the sam-
pling bias in microwave UTH data and the true bias will be
less than their estimate. Thus, the microwave estimate of
UTH can be used to estimate the CSB in IR data, although
CSB can be a few %RH higher where precipitating cold
clouds are present.

[10] The basic idea of our study is to select those micro-
wave scenes which would be considered cloud-free by
HIRS, and compare this subsample to the cloud-cleared (as
described in section 2.5) AMSU-B/MHS data. In this way
we can isolate the effect of the HIRS clear-sky-only sam-
pling, while at the same time ignoring any other differences
between the two sensor types (such as slightly different
weighting functions of HIRS and AMSU-B/MHS, calibra-
tion errors, or RT model errors). Note that the HIRS data are
only used to define sampling, the HIRS UTH data them-
selves are not used anywhere in this study.

[11] We focus our study in the tropics (30°S—30°N) as it is
the most important area of the globe for water vapor feed-
back [Held and Soden, 2000].

2.2. HIRS Clear-Sky Brightness Temperature

[12] We used clear-sky HIRS data from http://www.ncdc.
noaa.gov/HObS [Shi and Bates, 2011] to identify pixels
which were cloud-free according to the NCDC HIRS cloud
clearance algorithm which is similar to Rossow and Garder
[1993] and is as follows. Observed window channel bright-
ness temperatures at 11.1 pm are compared spatially and
temporally to an estimated clear-sky value and rejected as
cloudy if the observation is too cold. For obtaining clear-sky
observations, the thresholds are chosen to remove all clouds
at the expense of removing some clear-sky pixels. It should
be noted that most of the climate analysis of UTH have been
conducted using the NCDC HIRS data set (e.g., studies
mentioned in section 1). In this study we use “infrared (IR)”
to denote the NCDC HIRS data.

2.3. Microwave Brightness Temperature

[13] We obtained brightness temperatures from the Micro-
wave Humidity Sensor (MHS, equivalent to AMSU-B) on
the MetOpA satellite for 2008 and mapped them on to the
HIRS resolution (Level 1d) using the ATOVS and AVHRR
Processing Package (AAPP [Atkinson and Whyte, 2003]).
The spatial resolution of the MHS measurements is about
16 km at nadir and for the HIRS/4 instrument is 10 km at
nadir. Mapping the MHS to HIRS grid eliminates biases
which could originate from different spatial resolutions of
the instruments.

2.4. UTH Estimation From Microwave Data

[14] UTH can be estimated using the 183.31 + 1.00 GHz
microwave channel measurements of MHS (Channel 3). The
weighting function of this channel is generally sensitive to
the relative humidity of a wide atmospheric layer, approxi-
mately between 500 and 200 hPa. The weighting function
can move up or down according to variations in total
humidity content of the atmosphere which are not very large
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for a tropical atmosphere (see Buehler and John [2005] and
Buehler et al. [2008] for a detailed discussion). According to
Buehler and John [2005], there is a simple transformation of
the brightness temperature of 183.31 + 1.00 GHz channel
(Tg3) to UTH as shown in the following equation:

In(UTH) = a + b * Tg; (1)

where UTH is the relative humidity in the upper troposphere
weighted with the channel’s weighting function, and a and b
are regression coefficients which are derived for each viewing
angle of the instrument. More details on the retrieval meth-
odology are provided by Buehler and John [2005]. UTH data
are not affected by the limb effect because we use appro-
priate regression coefficients for each viewing angle [John
et al., 2006]. The data set has been validated using high-
quality radiosonde and satellite measurements [Buehler
et al., 2004; John and Buehler, 2005; Buehler et al., 2008;
Milz et al., 2009; Moradi et al., 2010]. Ideally, a comparison
of these data to other (either observed or modeled)
humidity data sets should be done by simulating the 183.31 +
1.00 GHz radiances from the latter humidity data and then
converting them to UTH as described above for a like-to-
like comparison.

2.5. Filtering Cloud-Contaminated Microwave Scenes

[15] Microwave radiances are affected by precipitating ice
clouds so all the microwave radiances used in this study are
filtered for clouds using a method developed by Buehler et al.
[2007] which works as follows. Firstly, Channel 3 of MHS
is sensitive to higher altitudes of the troposphere than
Channel 4 (183.31 + 3.00 GHz). In clear-sky conditions,
because of the lapse rate of air temperature, the brightness
temperature of Channel 3 (73) is colder than the brightness
temperature of Channel 4 (74). But ice clouds can make
T4 colder than T3 because ice particle scattering is stronger
at the sensitive altitudes of Channel 4, owing to the higher
average ice water content. When the cloud is very high and
opaque, it can be considered like a low emissivity surface
for both channels. T3 is then warmer, because of the
higher water vapor emission for this channel above this
quasi-surface, which will increase both up- and down-
welling radiation for this channel. Therefore, in the presence
of an ice cloud ATy = Tp4 — T3, which is positive in clear-
sky conditions, becomes negative. Secondly, clouds also
reduce the value of Tp; directly, so that a viewing angle
dependent threshold 7},(f) was utilized. In summary, the
conditions for uncontaminated data are ATz > 0 and T3 >
T,(0). Data not fulfilling both conditions are considered
cloud and/or rain contaminated. Values of Ty, for each
viewing angle are given by Buehler et al. [2007]. The
fraction of data detected as cloudy in the tropics varies from
3—5% depending on the sampling time of satellite. In this
study the base data set used is the cloud-filtered AMSU-B/
MHS data, i.e., cloud contaminated microwave scenes are
discarded before analyzing the data.

3. Results and Discussion

3.1. Impact on UTH Distribution

[16] In this section we discuss the impact of the clear-sky
sampling of HIRS on the distribution of daily and monthly

3of 11




























<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


