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Abstract

The role of water vapour is manifold in its climate regulation of the Earth system.
Most important of all despite its low concentration, is the role it plays in the upper
troposphere. It assumes an important role in its contribution to greenhouse warming
by way of its positive feedback effect, amplifying the radiative forcing due to increasing
CO2 concentrations. Understanding the variability and distribution is thus important
from a climate point of view and critical because the challenges involved in it are far
too many. This thesis consists of an introduction and three research articles focusing
on the study of upper tropospheric humidity (UTH). The first two articles are on
two important sources of UTH data, the radiosondes and satellite data, and the third
is associated with climate models, important tools for simulating and reproducing
global climate features. The summaries of these three articles are as follows:

Radiosondes have been the primary sources for vertical profiles of various atmo-
spheric parameters and are one of the crucial components in numerical weather pre-
dictions and satellite validations. However, they are known to have certain issues with
measurements of humidity in the upper troposphere. The first article highlights the
importance of radiosonde humidity corrections by using satellite measurements as the
reference. The infrared and microwave measurements from NOAA-17 polar orbiting
satellite were used as the reference in this study. Collocated radiosonde measurements
from the Atmospheric Radiation Measurement (ARM) campaign were converted into
satellite radiances using the ARTS radiative transfer model. The comparisons with
satellite measurements were done separately for daytime and nighttime soundings of
radiosonde under clear sky conditions. An empirical correction procedure meant to
address the mean bias error and solar radiation error was applied to the radiosondes.
The empirical correction was found to significantly reduce the dry bias of radiosondes
in the upper troposphere. The impact of the correction is prominent over daytime
radiosonde measurements on account of the bias removal associated with the solar
radiation error.

Long term time-series measurements of tropospheric humidity are available from
polar orbiting satellites but the measurements from these satellites have been found
to be affected by diurnal sampling bias, which is caused by a drift in the orbital height
of the satellites, thus changing the local sampling time of the satellites over course of
time. This therefore introduces a spurious trend into the time-series data obtained
from these satellites. A methodology for the correction of orbital drift error applied
on microwave humidity measurements from NOAA and MetOpA satellites forms the
subject of the second article included in this thesis. Climatological diurnal cycles
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of microwave humidity measurements were obtained from 5 different polar orbiting
satellites to infer and thereby correct the diurnal sampling bias in microwave humidity
measurements. The diurnal cycles were generated separately for the 5 microwave
channels. A Monte Carlo error analysis also determines the significance of diurnal
amplitudes. The impact of diurnal correction has been evaluated by analyzing the
surface channel brightness temperature time-series of NOAA-16 and UTH channel
time-series of NOAA-17 satellites. The impact of diurnal correction is greater for the
surface channels when compared to the UTH channels due to the larger diurnal cycle
amplitudes in the surface channels.

Climate models are one of the main tools for the prediction of future climate
change. Most processes associated with water vapour appear in climate models as
parameterizations since they are too small-scale or complex to be physically repre-
sented in models. Therefore, frequent validation of models against observations is
needed to assure their reliability. The third article evaluates the performance of two
climate models, in simulating the diurnal cycles of upper tropospheric humidity tak-
ing combined microwave humidity measurements from four different satellites as the
reference. The comparisons were made over the convective land and oceanic regions
over the tropics. The diurnal cycle differences between infrared and microwave ob-
servations and the reason for these differences are also analyzed. It is shown that
the cloud sensitivity differences in infrared data can shift the diurnal phase relative
to microwave data. The models exhibit considerable differences in the diurnal phase
and amplitude of UTH as against microwave observations over both land and oceanic
regions.
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Chapter 1

Introduction

1.1 Introduction

The increasing awareness of a changing climate and the role played in it by water
vapour has elevated the interest of water vapour related studies in atmospheric sci-
ence. Water vapour is the most important contributor to the natural greenhouse
effect and is highly variable in space and time. One of the fundamental approxima-
tions governing the atmospheric thermodynamics is given by the Clausius-Clapeyron
equation which explains the dependence of atmospheric saturated moisture content
on the air temperature [Allan, 2012]:

1

qs

dqs
dT

≈ 1

es

des
dT

=
L

RvT 2
(1.1)

where qs is the saturation specific humidity; the ratio of the mass of water vapor in
air to the total mass of the mixture of air and water vapor (kg/kg), es is the satura-
tion water vapour pressure (Pa), T is the air temperature (K), L is the latent heat
of vapourisation (2.59 × 106 Jkg−1), Rv is the gas constant for water vapour (461
JK−1kg−1). Under the assumption of fixed Relative Humidity (RH), the Equation
1.1 predicts a 6–7%/K change in the specific humidity, for temperatures close to the
surface. From model simulations, Held and Soden [2006] found a 7.5%/K increase
in the global mean water vapour relative to global surface temperature change cor-
roborating the values predicted by Equation 1.1 and supporting the notion of an
invariant RH. Trenberth et al. [2005] have also shown a fractional increase in the
lower tropospheric humidity with respect to the surface temperature changes in the
order of 7.8 %/K from satellite measurements, which again supports the assumption
of constant RH. As the Earth’s atmosphere gets warmer due to enhanced emission of
green house gases (GHG), its water vapour concentration increases exponentially with
temperature (From Equation 1.1). Since water vapour is a strong infrared absorber,
an increased amount of water vapour therefore absorbs more radiation resulting in
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2 Introduction

an even warmer atmosphere.
The global warming is now a phenomenon existing beyond any doubt and there is

indeed a steady increase in global temperatures over the past few decades [Hansen and
Lebedeff, 1987]. The monitoring of Upper Tropospheric Humidity (UTH) in a scenario
of changing climate plays a central role in the prediction of future climate which is
largely because of its sensitivity to Outgoing Longwave Radition (OLR). Therefore,
relatively small fluctuations in amount water vapour in the free troposphere will have
a great influence on the radiation budget [Kiehl and Briegleb, 1992, Held and Soden,
2000]. The changes in the clear sky OLR to the upper tropospheric humidity changes
are even larger for dry subsidence regions as compared to moist regions and it has been
shown that the impact of humidity fluctuations on OLR is almost threefold at 10% RH
as compared to humidity fluctuations at 90% RH [Spencer and Braswell, 1997]. The
analysis of long term time series of satellite measurements by Soden et al. [2005] could
not demonstrate any trend in the upper tropospheric RH, thus implying an increase
in the specific humidity in the upper troposphere. The upper tropospheric moistening
shown by Soden et al. [2005] also agrees with the climate model projections. However,
a better picture of water vapour distribution, its trends over time and how various
atmospheric processes are affected by it, are yet to be gained from scientific studies
[Sherwood et al., 2010]. A direct step towards this would be to make available the
water vapour concentration from all parts of the atmosphere and from all regions.

1.2 Radiative Forcing and Feedback Processes

The Earth receives solar energy and gets heated up and in return, it emits radiation
in the infrared range of the electromagnetic spectrum. The Earth’s energy budget at
the Top of Atmosphere (TOA) is given by

R = (So/4)(1− α)−OLR (1.2)

where So, α and OLR are the insolation, the planetary albedo, and the TOA OLR.
The radiative forcing refers to the imbalance between the energy received by the Earth
and the energy re-radiated by the Earth into the space. Depending on whether the
system gets warmer on account of greater incoming radiation or the system gets cooler
owing to more outgoing energy, this forcing could be termed positive or negative. This
radiative forcing occurs due to changes in the solar insolation and the variability in
the concentrations of GHGs and aerosols. The IPCC report of 2007 cites increases in
GHG concentrations in the order of 150% in methane, 18% in nitrous oxide and 38%
in CO2 between the period of 1750 and 2005. The radiative forcing due to different
atmospheric constituents is summarized in Figure 1.2.

For instance, external perturbations such as changes in the atmospheric concen-
trations of CO2, or changes in the solar constant when introduced into the climate
system, bring a difference in the Earth’s radiation budget by ΔQ. The climate system
responds to this radiative forcing by changes in its global mean surface temperature.
As given in Bony et al. [2006], the change in the global mean surface temperature ΔTs
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Figure 1.1: Left: RH profiles in the free troposphere for different height-weighted
average RH values. Right: Sensitivity of OLR to the changes in the RH values at
each level for the profiles shown in the left. Source: Spencer and Braswell [1997].

Radiative forcing components

Figure 1.2: Global average radiative forcing for various green house gases calculated
with respect to their values in 1750. Source: IPCC working group AR4.



4 Introduction

is related to this radiative forcing and to the radiative imbalance in TOA through the
equation:

ΔR = ΔQ+ λΔTs (1.3)

where λ is called the feedback parameter. The climate system attains a new equilib-
rium when ΔR =0. At equilibrium,

ΔQ = −λΔTs (1.4)

As a first order approximation by neglecting the interaction between various com-
ponents in the climate system, the feedback parameter λ can be written as [Bony
et al., 2006]:

λ =
∂R

∂Ts
+
∑
xi

∂R

∂x

∂x

∂Ts
(1.5)

The first term of the Equation 1.5 denotes the black body feedback parameter
(λo), and this gives the differences in the TOA energy balance due to changes in the
surface temperature in response to an external radiative forcing. This feedback can
be calculated as

∂R

∂Ts
= −4σT 3

s (1.6)

where σ = 5.6 × 10−8 W m−2 K−4 is the Stefan-Boltzman constant. Assuming an
emission temperature of 255 K, this value is close to -3.78 W m−2 K−1. The second
term in the Equation 1.5 represents the feedback variables such as water vapour, cloud,
surface albedo etc. Therefore, the feedback λ in Equation 1.5 can be decomposed into
feedback related to temperature, water vapour, cloud and surface albedo. The water
vapour feedback parameter can be written as [Bony et al., 2006]:

λw =
∂R

∂q

∂q

∂Ts
(1.7)

The first term (∂R
∂q
) in the equation relates to radiative transfer and can be deter-

mined from model outputs by introducing a perturbation of humidity at the surface.
The resulting change in the TOA flux can be used to determine ∂R

∂q
. The second

term can be determined from water vapour–surface temperature relationship as in
Figure 1.4. While calculating the actual temperature and water vapour feedback, it
is necessary to introduce temperature and water vapour perturbations in different
layers of the troposphere and then observe the change in the TOA flux, as different
physical processes control the feedback response in these different layers [Soden and
Held, 2006, Soden et al., 2008]. Figure 1.3 shows the ’water vapour kernel’, a nomen-
clature adopted for ∂R

∂q
as in Soden and Held [2006]. Based on the estimates from

model simulation as in Colman [2003] and Soden and Held [2006], the value of λo is
estimated to be about -3.2 W m−2 K−1. The water vapour feedback value λw deduced
from climate model simulation is about +1.8 W m−2 K−1 [Soden and Held, 2006].
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Figure 1.3: Water vapour kernel from the different parts of the troposphere for differ-
ent latitude bands. The unit of water vapour kernel is W m−2 K−1 /100 hPa. Source:
Soden and Held [2006]

Figure 1.4: Relationship between surface temperature and precipitable water. Source:
[Gaffen et al., 1992].



6 Introduction

What is the role of water vapour feedback ? The radiative forcing (ΔQ)
induced by doubling the CO2 amount is +3.7 W m−2 [Intergovernmental Panel on
Climate Change, 2007]. Considering only λ = λo, the equilibrium response to the
surface temperature change, ΔTs is 1.2 K (from Equation 1.4). Taking into account
the combined Planck and water vapour feedback i.e. λ = λo +λw, the surface change
in ΔTs is approximately 2.6 K which implies that the water vapour feedback doubles
the surface temperature change caused as a result of the doubled CO2 concentration
[Manabe and Wetherald, 1967].

1.3 Satellite Remote Sensing of UTH

Water vapour is an important climate variable and it provides the largest positive
radiative feedback as seen from model projections of climate change [Colman, 2003,
Soden and Held, 2006] and this has been demonstrated in the previous section also.
Even though the central importance of water vapour in global climate change is well
known, much is yet to be gained on what factors influence its concentrations, precisely
by what mechanisms it affects the atmospheric processes and how it is distributed
globally [Sherwood et al., 2010]. Of the tropospheric water vapour, the UTH has a
significant impact in trapping the OLR [Raval et al., 1994] and on the positive water
vapour radiative feedback. It can be seen from the Figure 1.3 that the middle and
upper troposphere dominates the feedback processes though the water vapour content
accounts for only about 5% of the total water vapour content in the troposphere
[Seidel, 2001]. This is because the lower troposphere is almost opaque to central water
vapour absorption bands, and the effective emission from these lines occurs from the
upper troposphere. As pointed out by Raval and Ramanathan [1989], for a given
temperature profile, the change in OLR sensitivity is proportional to the logarithm
of specific humidity. So under the tropospheric warming scenario, it is the fractional
change in water vapour that determines its strength as a feedback mechanism rather
than its absolute change [Soden et al., 2005]. During tropospheric warming where
the relative humidity is almost constant, the largest fractional changes in humidity
occur in the upper troposphere.

A primary and a very early source of upper tropospheric humidity measurements
have been the data obtained from radiosondes. The first use of radiosonde dates
back to the late 1920’s and their earlier uses were primarily in operational weather
forecasting. Though the radiosondes are sources of rich historical datasets, they have
been known to have some serious drawbacks. Many works have highlighted the poor
accuracy of these sensors in recording humidity measurements at higher altitudes of
above 500 hPa [Elliott and Gaffen, 1991]. Yet another snag in their use for climate
monitoring is the difference in the instrumentation of these sensors geographically
[Ross and Gaffen, 1998]. Their geographical distribution too is uneven resulting in
data voids over vast areas and sampling errors limit their use in interpreting global
variations of atmospheric humidity. Additionally, the radiosonde upper tropospheric
humidity biases are different for different types of radiosonde sensors [Moradi et al.,
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in press 2012]. For example, one of the widely used radiosonde sensors called Vaisala
RS92 suffer from a dry bias in the upper troposphere [Miloshevich et al., 2009]. The
dry bias is even higher in the daytime measurement which is due to the solar heating
of the sensor.

A global picture of UTH distribution and its variability can be obtained from
satellite measurements. The satellite can provide only the weighted average of the
UTH measurements over a broad layer in the atmosphere approximately spanning
from 200–500 hPa. This is because the vertical resolution that can be realized is
limited by the fact that the radiation from each channel is emitted from a broad layer
in the atmosphere. The first attempt to measure the UTH from satellite measure-
ments was proposed by Soden and Bretherton [1993]. They used the measurements of
infra-red (IR) water vapor absorption line at 6.7 μm from the geo-stationary satellite,
Geostationary Operational Environmental Satellite (GOES) to derive UTH. This is
achieved by deriving a linear relationship between the 6.7 μm channel brightness tem-
perature measurements to the logarithm of the Jacobian weighted RH at the upper
troposphere. Jacobian is defined as the change in the brightness temperature (Tb )
due to small perturbations in the amount of gaseous concentration at each level in the
atmosphere and this provides the sensitivity altitude of the channel. In the context of
UTH, the Jacobian is defined as the brightness temperature change due to change in
the amount of water vapour concentration at each layer in the atmsophere ( ∂Tb

∂H20(z)
).

A similar approach is applied by Soden and Lanzante [1996] to obtain UTH from wa-
ter vapor absorption band (6.7 μm) from High-resolution Infrared Radiation Sounder
(HIRS) sensor on-board National Oceanic and Atmospheric Administration (NOAA)
polar orbiting satellites. The original HIRS had been ideal for tracking global changes
of UTH though cloud cover tended to introduce a dry bias in observation [Soden and
Lanzante, 1996, Lanzante and Gahrs, 2000, John et al., 2011].

Microwave based sounders are another preferred alternative on account of their
lower sensitivity to clouds. The first use of microwave measurements of humidity can
be traced back to 1993 when as a part of the Defense Meteorological Satellite Pro-
gram (DMSP), the Special Sensor Microwave/Temperature (SSM/T)-2 was launched.
SSM/T2 measures the tropospheric water vapour using the water vapour absorption
line centered around 183.31 GHz. The retrieval of upper tropospheric water vapour
from SSM/T2 measurements has been described in Sohn et al. [2003]. Other notable
humidity measuring microwave sensors are the Advanced Microwave Sounding Unit
(AMSU)-B and the Microwave Humidity Sounder (MHS) sensors on board NOAA
and MetOpA satellites and which like HIRS have proven to be useful in providing
water vapour climatology [Buehler and John, 2005, Buehler et al., 2008]. The widely
used satellite data in the present research belongs to microwave measurements from
AMSU-B and MHS sensor on-board NOAA and MetOp-A satellites. In the following
sections, descriptions on HIRS, AMSU-B and MHS sensors, their channel characteris-
tics and the methodology adopted for retrieval of UTH from microwave measurements,
will be provided.
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1.3.1 Microwave Humidity Sounders

The AMSU-B and MHS sensors are cross track scanning instruments scanning ±49.8◦

from nadir, covering a swath width of approximately 2300 km. The horizontal resolu-
tion of the instrument at nadir position is 20 × 16 km2 and 64 × 27 km2 at extreme
off-nadir position. They are both five channel radiometers (channels 16-20) sensing
radiation from different levels of the troposphere, thus providing humidity profiles on
global scale. The channels 18–20 are placed proximal to strong water vapour absorp-
tion line at 183.31 GHz. The passbands of these channels are centered at 183.31±1.00,
183.31±3.00, and 183.31±7.00 GHz (183.31 + 7.00 GHz for MHS). Channels 16 and
17, at 89 GHz and 150 GHz, respectively sees the surface. More details on the in-
struments can be found at http://www.ncdc.noaa.gov/oa/pod-guide/ncdc/docs/
klm/index.htm. The zenith opacity (vertically integrated absorption coefficient) of
the AMSU-B channels are shown in Figure 1.5. The important absorption species
in the AMSU-B and MHS wavelength ranges are H2O and O2. The channel which
is placed close to the central water absorption line (183.31±1.00) provides informa-
tion of UTH and those channels placed on the wings of the central absorption line
(channels 19 and 20) gives information on middle and lower tropospheric humidity
respectively. The Jacobian of channels 16–20 on AMSU-B instrument is shown in
Figure 1.6.

Buehler and John [2005] derived a simple linear relationship between UTH and
channel 18 measurements

ln(UTH) = a+ b× Tb18 (1.8)

where ln(UTH) is the natural logarithm of Jacobian weighted RH in the upper tropo-
sphere and Tb18 is the channel 18 brightness temperature. The coefficients a and b are
derived using simple linear regression separately for each viewing angle of AMSU-B
and MHS instrument. The relation between logarithm of UTH and Tb18 for nadir is
shown in Figure 1.7. Figure 1.8 shows the distribution of UTH values for the month
of July derived from 183.31±1.00 channel on NOAA-17 satellite.

A primary advantage of using microwave UTH is that it can reduce the magnitude
of clear sky bias as it provides humidity soundings for all sky conditions. It has been
shown in Buehler et al. [2007] that the upper limit of the clear sky bias of UTH
derived from microwave is only 5%RH. Conversely, the clear sky bias of UTH derived
from IR measurements can reach up to 30%RH over convectively active regions as
shown by John et al. [2011]. Biases in estimating the clear sky upper tropospheric
water vapour can result in biases in the long wave cloud radiative forcing [Sohn et al.,
2006]. Figure 1.9 shows the clear sky bias estimated in the IR UTH for the month of
July.

1.3.2 HIRS

HIRS is a 20 channel instrument measuring the radiation from the thermal infrared
wavelength range (4-14 μm) thus enabling the retrieval of atmospheric temperature
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Figure 1.5: Atmospheric opacity for the FASCOD midlatitude summer scenario for
H2O (dashed), O2 (dotted), N2 (dash dotted), and O3 (solid). The long dashed
line represents the total opacity. Shaded regions represent the passband positions of
AMSU-B channels. Source: John and Buehler [2004].

and humidity profiles. It is a cross scanning instrument providing 56 fields of view
per scan. The maximum scan angle of the instrument is 49.5◦. Figure 1.10 shows the
positioning of some of the channels in the HIRS instrument. Channels 1–7 are placed
nearer to strong CO2 absorption line and are used for the retrieval of temperature
profiles. Channels 11 and 12 are placed near strong water vapour absorption line in
the infrared region. The channel 12 which is placed around 6.7 μm can be used for
the retrieval of UTH from the infrared wavelength range.
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Figure 1.6: Water vapour Jacobian for AMSU-B channels for a standard tropical
profile.

1.4 UTH in Climate Models

Climate models are among the most advanced simulation tools developed in recent
times for gaining a foresight into the future climate change. The following description
on climate models has been adapted from the following sources, Stocker [2011] and
Goosse et al.. Climate models were developed as an extension of early models devel-
oped in 1940s for numerical weather prediction and were based mainly on equations
of motion. Today, they have come a long way with improved utility and robustness
finding routine applications in studies related to climate variability, climate change
due to global warming, atmospheric circulation, paleoclimatology etc. Climate mod-
els are formulated on equations based on physical, chemical and biological principles
which need to be solved numerically thereby yielding solutions which are discrete
in space and time. The outputs so generated from models thus represent a large
region, the size of which is determined by the model’s resolution. However, it is of-
ten a limitation when the models with highest resolutions cannot resolve small scale
processes such as turbulences in the atmospheric boundary layer, thunderstorms or
cloud microphysics. Moreover, a detailed behavior of these small scale processes is
not known explicitly. To offset these issues, parameterizations based on theoretical
knowledge or empirical relationships are devised to account for these processes on a
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Figure 1.7: Relationship between UTH and channel 18 brightness temperature for
nadir view of the NOAA and MetOpA satellites. Source: Buehler and John [2005].

Figure 1.8: Distribution of UTH mean value for the month of July 2007 retrieved
from NOAA-17 satellite from 183.31±1.00 water vapour absorption line. The unit is
in %RH.
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Figure 1.9: Clear sky bias in the infrared estimates of UTH for the month of July.
Bias is defined as the difference between infrared sampled and microwave sampled
UTH. Source: John et al. [2011]
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large scale. Indirect representation of these processes as parameterizations could end
up in considerable uncertainties in the model.

Currently, the climate models are extensively used to understand the climate
change in response to emission of greenhouse gases and aerosols. Models are classi-
fied based on the complexity of these processes included in them. They range from
simple climate models such as Energy balance model (EBM) to the highly sophisti-
cated and complex General Circulation Model (GCM). EBMs are highly simplified
versions where the variables are averaged over large areas and as their name indi-
cate, they attempt to account for all the Earth’s incoming and outgoing energy. The
GCMs on the other hand, take into account a detailed representation of almost all
the components of the Earth and provide a more robust picture even under regional
scales with a resolution in the order of 100-200 Km. Another class of models with
a complexity varying between that of EBMs and GCMs are the Earth Models of
Intermediate Complexity (EMIC). Nevertheless, model simulations are just an ap-
proximation of the real world phenomena and are never perfect. Therefore, extensive
validation of models with observations is inevitable and is the only way to constrain
the model to improve its utility.

Many studies have evaluated the UTH simulations in climate models using satel-
lite observations. Though climate models can capture the general spatial features
of UTH distribution, there are regional dependent biases in UTH simulation rela-
tive to observations. Iacono et al. [2003] have shown that in National Center for
Atmospheric Research (NCAR) Community Climate Model (CCM)-3, there exists a
significant regional difference between observed and simulated Upper Tropospheric
Water Vapour (UTWV) both in convective and dry subtropical areas. The biases in
UTWV amount to 50% or more in CCM-3. Allan et al. [2003] attribute the UTH
biases in Hadley Centre Climate Model (HadAM)-3 to the errors in the model’s at-
mospheric circulations. Similarly, Chung et al. [2011] have also shown that the UTH
biases in NOAA Geophysical Fluid Dynamics Laboratory (GFDL) climate model are
strongly affected by the biases in large scale circulation. Compared to Atmospheric
Infra-Red Sounder (AIRS) observation, the NCAR Community Atmospheric Model
(CAM)-3 model shows higher relative humidity in the upper troposphere resulting in
a zonal mean TOA OLR difference in the order of 1-3 W m−2. Regional differences
in OLR could even go as high as 15 W m−2 [Gettelman et al., 2006]. Brogniez et al.
[2005] analyzed the UTH simulation of GCMs participating in Atmospheric model
inter-comparison project (AMIP)-2 and found that most of the models show a moist
bias relative to the METEOSAT UTH measurements.

Modeling UTH is reportedly a very challenging task and most climate models lack
reasonable accuracy in simulating processes involving UTH. Possible causes include
the fact that UTH represents only a small fraction of water in the climate system,
making it highly sensitive to moisture sources. Moreover, the UTH distribution is very
complex and is governed by moist convection in humid areas and is parameterized in
GCMs [Goudie and Cuff, 2011]. The UTH distribution in dry areas is governed by
advection and is shown in the paper by Salathé and Hartmann [1997]. Also, there
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could be many other processes in the background but which are poorly represented
in models. Therefore, there is the need to have more validated measurements of UTH
which shifts our emphasis to the use of high quality satellite data. A better availability
of good observations and subsequent validation with models can eventually make the
GCMs capable of representing accurately UTH and its variations.

1.5 Aim of the Thesis

The central theme of this thesis focuses on UTH which is addressed here from three
different aspects linked through three different scientific articles. With the main focus
on UTH, these three aspects are traced in these papers as follows,

1. The first article “On the importance of Vaisala RS92 radiosonde humid-
ity corrections for a better agreement between measured and modeled
satellite radiances”, essentially shows the relevance of radiosonde UTH cor-
rections. In this paper, the magnitude of the measurement error of radiosonde
UTH is assessed using the satellite measurements as a fixed reference. There
exist several correction methods to correct for the error in radiosonde UTH mea-
surements. It is therefore important to check for the efficacy of these methods
so as to assure the reliability of radiosonds for future climate applications. The
radiosonde measured UTH have been evaluated against simultaneous satellite
measurements of UTH from IR and microwave spectral bands.

2. The second article “Correcting diurnal cycle aliasing in satellite mi-
crowave humidity sounder measurements”, attempts to correct for the
orbital drift error in microwave humidity measurements for creating a climate
quality dataset. Long term microwave tropospheric humidity measurements are
available from NOAA satellite measurements and they are one of the valuable
sources of information on trends in humidity. But one of the major hurdles
restricting their use in climate applications is the orbital drift error affecting
these measurements from the polar orbiting satellites.

3. The third article “Evaluating the diurnal cycle of upper tropospheric
humidity in two different climate models using satellite observations”,
evaluates two climate models with respect to their simulation of diurnal cycle
of UTH against the diurnal cycle of UTH generated from satellite microwave
measurements.

1.6 Thesis Outline

This thesis is organized into 5 chapters. The first chapter outlines the motivation be-
hind this thesis. It also presents fundamental perspectives on certain aspects of water
vapour feedback followed by a brief historical overview of satellite remote sensing of
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upper tropospheric humidity. The representation of water vapour by climate models
in the upper troposphere is also introduced in this chapter.

The clear sky radiative transfer simulations for various instruments onboard dif-
ferent satellites have been carried out as a part of the present research. Therefore,
chapter 2 of the thesis has been devoted to introducing clear sky radiative transfer
equations and a brief overview of line by line radiative transfer model ARTS.

The third chapter is about the humidity corrections applied on Vaisala RS92
radiosonde sensors. This chapter has been included to provide a comprehensive ex-
planation on humidity correction methods which otherwise does not find mention in
the second article incorporated in the thesis.

Chapter 4 accounts for a summarized version of the three articles and the final
Chapter 5 concludes with the significance of the present studies and the scope of these
in the future.
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Chapter 2

Radiative Transfer

Radiative transfer modeling has become an indispensable tool in various scientific
domains as it can simulate the interaction of electromagnetic radiation with objects in
a medium. Radiative transfer models use the radiative transfer equations to simulate
the radiative processes of a medium for a given wavelength and for a known set of
atmospheric and surface parameters. The present chapter is motivated by the fact
that the radiative transfer simulations undertaken in the enclosed articles have been
performed for clear sky conditions. This chapter begins with basics of black body
radiation laws, followed by the physical approximations of the clear sky radiative
transfer equation and a brief description of the radiative transfer model Atmospheric
Radiative Transfer Simulator (ARTS). The subject material on principles of basic
radiation laws and clear sky radiative transfer equation has been adapted from Peixoto
and Oort [1992], Rees [2001], Wallace and Hobbs [2006] and Modest [2003].

2.1 Radiation Laws

The absorption and emission of radiation by a real body is always measured with
reference to a black body which is considered as an ideal absorber and emitter of
electro-magnetic radiation. The amount of radiation emitted by the black body is
determined by its temperature alone and is given by Planck’s law. This law states
that the monochromatic intensity of radiation called the spectral radiance emitted by
a black body at temperature T is given by

Bλ(T) =
2hc2

λ5
(
e

hc
λkT − 1

) (2.1)

where h = 6.63×10−34 Js, the Planck constant, c = 2.99×108ms−1, the speed of light,
k = 1.38×1023 J K−1, the Boltzmann’s constant and λ is the wavelength of radiation.
The SI unit of spectral radiance is Wm−2sr−1m−1. In the longer wavelength range
of electro-magnetic spectra, the Equation 2.1 reduces to

17
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Figure 2.1: Azimuth angle (ψ), zenith angle(θ) and solid angle as related to a unit
hemisphere. Source: Modest [2003].

Bλ(T) =
2ckT

λ4
(2.2)

Equation 2.2 represents the Rayleigh-Jeans expression. The total intensity of the
black body radiation is obtained by integrating the Planck function (Equation 2.1)
over the entire wavelength range from 0 to ∞.

B(T ) =

∫ ∞

0

Bλ(T)dλ (2.3)

Integrating Equation 2.3 over all angles of the hemisphere covering a horizonal surface
gives the total flux (W m−2) emitting into all directions from that surface:∫

B(T )cosθdw = σT 4 (2.4)

where σ is the Stefan-Boltzmann constant, θ is the angle between the radiation di-
rection and normal to the surface, dw = sinθdθdψ is the solid angle, in spherical
co-ordinate system ψ is called the azimuth angle and θ is called the zenith angle.
Figure 2.1 shows the solid angle as related to a unit hemisphere. Equation 2.4 shows
that the flux density emitted by a black body is proportional to the fourth power of
absolute temperature and this law is called the Stefan-Boltzmann law. Taking the
derivative of Equation 2.1 and setting it to zero yields another important law for
black body radiation called the Wien-displacement law, given by

λmaxT = constant (2.5)
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According to the Wien-displacement law, as the temperature of the black body
increases the peak emission wavelengths shift to the shorter wavelength side of the
electro-magnetic spectrum. This law has been applied to gain an understanding of
the peak emission wavelength of the Earth. Knowing the surface temperature of
the Earth which is around 293 K, this law estimates the peak emission wavelength
at 10 μm. Conversely, by the same principle, the surface temperature of the sun is
calculated to be around 6100 K from its known peak emission wavelength (0.5 μm).

A physical body is neither a perfect absorber nor a perfect emitter of electromag-
netic radiation as compared to a black body. But the radiation laws derived for the
black body can be extended to study the behavior of non-black body objects. Towards
this, it is useful to define the emissivity and the absorptivity of a non-black body ma-
terial. Emissivity of a non-black body object is defined as the ratio of monochromatic
intensity of radiation emitted by the body to the corresponding black body radiation.

ελ =
Iλ(emitted)

Bλ(T)
(2.6)

The emissivity of a real body depends on many factors such as temperature, its
physical and chemical composition, its geometrical structure, its surface roughness,
its emission wavelength etc. The absorptivity of a real body can be defined as

αλ =
Iλ(absorbed)

Iλ(incident)
(2.7)

Another law governing radiation is the Kirchhoff’s law which states that for an object
under thermodynamic equilibrium, the emissivity is equivalent to the absorptivity
(ελ = αλ).

2.2 Clear Sky Radiative Transfer Equation

For a clear sky radiative transfer calculation, only absorption and emission of the
medium are considered, avoiding the scattering term which usually occurs in the
presence of clouds for infrared and microwave wavelengths. Consider radiation of
intensity Iλ at wavelength λ travelling through an absorbing and emitting atmosphere.
The change in its intensity due to absorption after travelling through a small layer
of thickness dz is −kλIλρdz, where ρ is the density (mass per unit volume) of the
medium, kλ is the mass absorption coefficient (area per unit mass). According to
Kirchhoff’s law, a selective absorber at any wavelength λ is also a selective emitter
of radiation at the same wavelength, therefore the intensity emitted in the direction
of propagation is kλBλ(T )ρdz. The net change in the intensity of radiation after
travelling through a layer dz is given by [Peixoto and Oort, 1992, Rees, 2001],

dIλ = −kλIλρdz + kλBλ(T )ρdz (2.8)

where Bλ(T ) is the black body monochromatic radiance specified by Planck’s law.
Equation 2.8 is called Schwarzchild’s equation and is the basic equation for the clear
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sky radiative transfer. It shows that intensity of the radiation at any point in the
atmosphere can be determined provided the distribution of absorbing mass and ab-
sorption coefficients are known. Suppose the radiation emitted from the layer dz
has to reach another level z1, but the radiation emitted from this layer will be par-
tially absorbed before it reaches the level z1, so that the transmitted radiation is
Tλ(z)Bλ(T)kλρdz (Figure 2.2). The quantity Tλ(z) is the transmittivity between the
levels z and z1 defined as [Peixoto and Oort, 1992],

Tλ(z) = exp(−
∫ z1

z

kλρdz
′) (2.9)

The term
∫ z1
z
kλρdz is called optical depth or optical thickness. Since,

dTλ(z)

dz
= Tλ(z)kλρ (2.10)

Equation 2.8 can be written as,

Tλ(z)dIλ = −(Iλ − Bλ(T))dTλ(z) (2.11)

d(IλTλ(z)) = Bλ(T)dTλ (2.12)

Integrating Equation 2.12 from 0 to ∞ yields,

Iλ(∞) = Iλ(0)Tλ(0) +

∫ ∞

0

Bλ(T)

[
dTλ (z)

dz

]
dz (2.13)

Zero can be considered as the position of the Earth’s surface from where the radiation
originates and infinity (∞) indicates the atmospheric level where the intensity of the
radiation is to be determined. Equation 2.13 is the expression for clear sky radiative
transfer in the atmosphere. The first term in Equation 2.13 is the spectral radiance
emitted by the surface and attenuated by the atmosphere and the second term is the
spectral radiance emitted by the atmosphere. The term dTλ(z)

dz
is called the weighting

function and it gives an indication of where in the atmosphere the majority of the
radiation for a given spectral band comes from. The atmospheric contribution is the
weighted sum of Planck radiance from each layer in the atmosphere where the weights
are provided by the weighting function.

The first step towards solving the radiative transfer equation is the calculation of
the mass absorption coefficient kλ. If there are n absorbing molecules in the medium
then the transmittance can be written as [Rodgers, 2000],

T (λ, z′) = exp

[
−
∫ z

z′

∑
i

ki (λ, z
′′) ρi (λ, z

′′) dz

]
(2.14)

where i refers to the ith absorber and ρi is its density. In the case of modelling
radiances in the infrared spectrum, where the molecular vibrational rotational bands
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are important, the absorption coefficients should be summed over large number of
spectral lines.

ki (λ, z
′′) =

∑
j

kij [T (z
′′)] fij [λ, p(z

′′), T (z′′)] (2.15)

where kij is the strength of jth line of the ith absorber and fij is its normalised shape.
Any radiative transfer model which models absorption using the above procedure is
called line by line radiative transfer model.

The line shape f specifies the broadening of absorption lines due to the motion and
collision of gas molecules. There are two kinds of line broadening, Doppler broadening
and pressure broadening. The Doppler broadening is a result of random motion of
gas molecules towards and away from the source of radiation. The shape factor f for
the Doppler broadening is given by

f =
1

αD

√
π
exp

[
ν − ν0
αD

]
(2.16)

where ν0 is the wavelength of the line center and αD is the half width of line which is
the distance between the center of the line and the points at which the amplitude is
equal to half of the peak amplitude (Figure 2.3). αD is given by

αD =
ν0
c

(
2kT

m

)1/2

(2.17)

where m is the mass of the molecule, k is the Boltzmann’s constant, T is the tem-
perature and c is the velocity of light. Pressure broadening is associated with the
molecular collision and the shape factor f for the pressure broadening, the so called
Lorentz line shape is given by

f =
α

π
[
(ν − ν0)

2 + α2
] (2.18)

The line width α in Equation 2.18 is proportional to pressure and is given by

α ∝ p

TN
(2.19)

The N ranges from 1
2
to 1 depending on molecular species. Below 20 km altitude in

the atmosphere, the pressure broadening is the contributing factor for line broadening
whereas above 50 km altitude where the molecular collisions are less frequent, the
Doppler broadening is the dominating factor. Between 20 and 50 km altitude, the
line shape is the convolution of the Doppler and the Lorentz line shape.

2.3 ARTS

ARTS is a line by line radiative transfer model which can simulate radiances for the
spectral region spanning from infrared to microwave [Buehler et al., 2005, Eriksson
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Figure 2.2: Transmission of radiation through atmosphere.

–5 –4 –3 –2 –1

Doppler

Lorentz

(ν − ν0)/α

1 2 3 4 50

k ν

Figure 2.3: Absorption line shape associated with Doppler broadening and pressure
broadening. Source: Wallace and Hobbs [2006].
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Figure 2.4: Water vapour Jacobians for AMSU-B channels 18,19 and 20. The upper
and lower panels represent moist tropical atmosphere and dry mid latitude winter
atmosphere, respectively. Simulations for nadir and off nadir views of the instrument
are indicated as solid and dotted lines, respectively. Source: John [2005].

et al., 2011]. ARTS solves the radiative transfer equation for ID, 2D or 3D atmo-
spheric geometries. The simulations in this thesis have been performed with ARTS for
one-dimensional geometry where the atmospheric variables (temperature and gaseous
concentrations) are allowed to vary only in the vertical direction. ARTS contains an
inbuilt setup to simulate radiances as detected by radiometers such as HIRS and
AMSU onboard NOAA satellites for different viewing angles of the instrument. For
modeling the radiances in the infrared, ARTS employs a line by line calculation for
computing the absorption coefficient. However, modeling the radiances using this
method is computationally expensive; therefore, an absorption look-up-table is pro-
vided within ARTS to expedite the calculation [Buehler et al., 2011]. Further, for
microwave simulations, PWR98 [Rosenkranz, 1998] a complete water vapour absorp-
tion model is provided within the ARTS.

ARTS can also simulate the Jacobians for temperature and trace gas concentra-
tions, which is generally defined as the partial derivative of radiance with respect
to atmospheric parameters influencing it. The straightforward way to evaluate this
quantity is the use of perturbation method where radiances are simulated for a refer-
ence state vector and re-determined successively through small perturbations in each
element of the state vector. This procedure is time consuming due to which ARTS
calculates this analytically [Buehler et al., 2005]. For example, the humidity Jaco-
bians simulated by ARTS for three different channels of AMSU-B is shown in Figure
2.4.



24 Radiative Transfer



Chapter 3

Radiosonde Corrections

Radiosondes are composed of pressure, temperature and humidity sensors (PTU
sensors) and other complementary electronics for measuring wind speed and other
parameters. There are a large number of radiosonde sensors in use and here the
descriptions on the principle of operation and instrument details mainly focus on the
humidity sensors of type Vaisala RS92. Vaisala radiosondes are one of the widely
used radiosondes and RS92 is the latest in this family with an improved humidity
measurement performance [Kämpfer, 2013]. The most common type of humidity
sensors in radiosondes belong to the thin film capacitors and Vaisala uses one of the
best known sensing elements called Humicap which is being used on its radiosondes
since the 1980s [Kämpfer, 2013]. These capacitive thin film moisture sensors respond
to water vapour uptake by way of dielectric changes. They have a hydroactive porous
polymer material which acts as a sponge for the water molecules wherein the rate of
adsorption of water molecules on to its surface is proportional to the desorption of
gaseous molecules from it porous surface. These sensors measure the relative humidity
and is commonly calibrated in terms of RH. The hydroactive polymer in Humicap
sensor could be an A-type polymer as in earlier radiosondes or the latest and superior
H-type polymer which is more stable hydrophilic polymer used in the RS90 and RS92
radiosondes. The RH is calculated from the measured capacitance from calibration
curves standardized by the manufacturer [Miloshevich et al., 2001].

This chapter presents an overview of the various types of corrections applied to the
Vaisala RS92 radiosonde humidity measurements. Though radiosondes are the vital
sources of information on the atmospheric humidity distribution, their data quality
in the upper troposphere is known to be poor [Elliott and Gaffen, 1991, Moradi et al.,
2010, Miloshevich et al., 2009, Soden and Lanzante, 1996]. Their data quality issues
may arise from several factors. Incorrect calibration of the humidity sensors, error
caused due to solar heating of the humidity sensors and a slow sensor response at low
temperatures are some of the most plausible reasons. Several studies have highlighted
these errors and have introduced various correction methods [Vömel et al., 2007,
Turner et al., 2003, Miloshevich et al., 2001], but these corrections have been found
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to be inadequate for the upper tropospheric humidity measurements [Soden et al.,
2004]. Recently Miloshevich et al. [2009] applied several humidity corrections on
Vaisala RS92 sensors. The efficacy of these corrections has been investigated in the
second article included in the thesis. This chapter has been written with an aim of
furnishing the reader with a general idea of the radiosonde correction methods which
could not be dealt in detail in the second article included in the thesis.

3.1 Radiosonde Correction Methods

The basis of the correction is the removal of bias in the Vaisala RS92 radiosonde
humidity measurements through a comparison with three reference instruments of
known accuracy. These instruments are cryogenic frost-point hygrometer (CFH)
which is intended for correction above 700 hPa, a microwave radiometer for lower
troposphere, and a system of 6 calibrated RH probes for the surface. The biases in
RS92 humidity measurements were determined by comparing the RS92 measurements
with simultaneous measurements from these instruments and then these biases were
removed. The correction is a function of pressure (P) and RH and is given by

RHcorr = G(P,RH)× RH (3.1)

where G(P,RH) is the correction factor.

3.1.1 Mean Calibration Bias Correction

The mean calibration correction removes the bias error in the RS92 humidity measure-
ments by comparing these measurements against simultaneous measurements from
three known reference instruments of known accuracy. It has been seen that the
RS92 shows a moist relative bias of 3% under moist conditions and 20% under dry
conditions with respect to CFH at an altitude of 700 hPa. In the upper troposphere,
the RS92 shows a dry relative bias ranging between 5% for moist conditions and 20%
for dry conditions [Miloshevich et al., 2009]. The correction factor in Equation 3.1 is
inferred from pressure dependent curves determined for several RH intervals as shown
in Figure 3.1. The dashed lines in the Figure represents the polynomial approxima-
tion for each curve and are the best approximations of RS92 mean bias relative to
the reference instruments. The polynomial coefficients (F(P, RH)) are given for the
mid-value of each RH interval. The correction factor in G(P, RH) is determined from
pressure dependent curve using the polynomial coefficients as given in Figure 3.2.
The coefficients are different for day and nighttime measurements.

The mean calibration error can be determined exclusively from nighttime mea-
surements (Figure 3.1(a)) whereas Figure 3.1(b) for daytime measurements represents
a combination of the mean calibration error and the error due to solar radiation which
would be quantified separately. The details as to how they are quantified are explained
in the next section. A more accurate result for the mean calibration correction can
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Figure 3.1: The Vaisala RS92 mean bias curve. Source: Miloshevich et al. [2009]

RH or Fit

Coefficients

a0 a1 a2 a3 a4 a5 a6

Nightb

�1.5 5.1993e+1 �7.9576e�1 3.9051e�3 �8.9666e�6 1.1825e�8 �8.4134e�12 2.4210e�15
2.5 4.3729e+1 �7.8757e�1 3.8100e�3 �8.4919e�6 1.0830e�8 �7.5247e�12 2.1433e�15
3 1.0102e+1 �3.5020e�1 1.3771e�3 �1.8918e�6 1.5448e�9 �1.0460e�12 3.7543e�16
4 �1.2053e+1 �1.3963e�1 5.0608e�4 8.7142e�8 �1.1580e�9 9.6029e�13 �2.2738e�16
6 �1.9292e+1 �5.3081e�2 1.1776e�5 1.5888e�6 �3.7721e�9 3.2351e�12 �9.7876e�16
8.5 �1.4220e+1 �1.5629e�1 7.3102e�4 �5.7830e�7 �6.9512e�10 1.1583e�12 �4.3573e�16
12 �8.6609e+0 �2.3153e�1 1.1601e�3 �1.6559e�6 4.7114e�10 6.4842e�13 �3.7600e�16
20 �1.2075e+1 �9.0493e�2 4.5730e�4 �4.4334e�7 �2.5251e�10 5.6512e�13 �2.1830e�16
30 �8.4463e+0 �6.7739e�2 2.1850e�4 2.4128e�7 �1.1680e�9 1.1593e�12 �3.6948e�16
42 �7.5226e+0 �9.4287e�2 5.6012e�4 �1.0285e�6 8.1621e�10 �2.4513e�13 3.3189e�18
�50 3.7854e+1 �4.9026e�1 2.0313e�3 �3.9299e�6 3.9439e�9 �1.9776e�12 3.8808e�16
for P < P2 4.3867e+3 �3.7335e+2 1.2676e+1 �1.9717e�1 1.1628e�3

Dayc

0 6.8793e+0 1.6275e�1 �3.2097e�5 �4.1883e�7 5.0829e�10 �1.9028e�13
1.9 �1.3058e+1 1.5405e�1 3.0599e�5 �4.9033e�7 5.4030e�10 �1.9315e�13
2.4 �4.7161e+1 1.3916e�1 1.3784e�4 �6.1264e�7 5.9504e�10 �1.9805e�13
3.5 �6.0069e+1 1.3320e�1 1.8078e�4 �6.6256e�7 6.1467e�10 �1.9661e�13
5 �6.6681e+1 1.4741e�1 1.6426e�5 �1.4146e�7 8.9222e�12 4.0390e�14
11 �6.7112e+1 1.1009e�1 3.7366e�4 �1.2284e�6 1.2520e�9 �4.3857e�13
22 �6.6938e+1 1.1812e�1 2.8349e�4 �1.0166e�6 1.0377e�9 �3.5797e�13
�34 �6.0024e+1 1.4726e�1 �6.9462e�5 �2.0216e�7 3.1579e�10 �1.3450e�13
for P < P2 5.4021e+3 �3.5312e+2 8.1766e+0 �6.4838e�2
SF(a) 9.6886e�1 3.3717e�3 �4.2343e�5 1.7882e�7
frac SRE(a) �1.6061e�3 3.7746e�2 �4.7402e�4 2.0018e�6

Figure 3.2: Polynomial coefficients provided for mean bias correction for day and
nighttime RS92 radiosonde profiles. Source: Miloshevich et al. [2009]

be obtained if one uses temperature instead of pressure since the temperature depen-
dence is more consistent with the actual sensor calibration than pressure.

3.1.2 Solar Radiation Error Correction

In addition to the correction for mean calibration error, the daytime radiosonde mea-
surements need to be corrected for solar radiation error which is caused due to solar
heating of RH sensors [Vömel et al., 2007]. The daytime soundings of RS92 at higher
solar altitude angles are affected by a dry bias which increases from 5% at 700 hPa to



28 Radiosonde Corrections

45% in the upper troposphere. The solar radiation error (SRE) is primarily a function
of the incident solar flux which in turn is a function of the solar altitude angle. If the
solar altitude angle is high then SRE in the radiosonde will be higher due to enhanced
heating of the RH sensor. Figure 3.1(b) shows the mean calibration bias curve of the
RS92 sensor determined during daytime sounding. The polynomial coefficients (F(P,
RH, 66 ◦)) for daytime soundings are also given in Figure 3.2 and are provided for a
higher solar altitude angle (66◦). These coefficients represent a combination of mean
calibration error and the SRE.

The SRE component of the daytime mean bias is the difference between the day-
time and nighttime mean biases (SRE(66◦) =F(P, RH, 66◦)-F(P, RH, night)). The
SRE component in daytime dataset for the other solar altitude angles can be obtained
by multiplying SRE(66◦) with the necessary SRE fraction which can be determined
from Figure 3.3 by using the polynomial fit given in Figure 3.2 (frac SRE(α)). Thus,
SRE for any solar altitude angle α is given by

SRE(α) = SRE(66◦)× fraction(α) (3.2)

Once the SRE for a particular solar angle is obtained, the coefficients for daytime
measurements can be obtained by adding the SRE(α) to F (P, RH, night).

F (P,RH, day) = SRE(α) + F (P,RH, night) (3.3)

In brief, the daytime correction for Vaisala RS92 radiosonde consists of correction
for the mean calibration error (SRE=0) and the correction for SRE.

3.1.3 Time Lag Correction

The time lag error is the result of a slow sensor response to changes in the ambient
humidity at low temperatures (−45 ◦C) prevalent in the upper troposphere and the
lower stratosphere. The time lag error affects the sensor’s ability to discern the
detailed vertical structure of humidity profile, thus yielding a smooth and incorrect
RH profile. The time lag error can be corrected, provided that the sensor time
constant and the vertical humidity gradient information are known [Miloshevich et al.,
2004]. The time constant (τ) refers to the time required for the sensor to respond
to 63% of an instantaneous change in the ambient humidity and is a function of
temperature. This value is usually determined in the laboratory. The time constant
for RS92 sensor as a function of temperature is shown in Figure 3.4.

The ambient humidity can be obtained from the measured humidity using the
formula

Ua = U+ τ(T )× dU

dt
(3.4)

where dU
dt

is the local humidity gradient, Ua is the ambient humidity and U is the
measured humidity. The time constant τ is given by
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Figure 3.3: Solar fraction error as the function of solar altitude angle. Source: Milo-
shevich et al. [2009]

τ(T ) = 0.8× exp(−0.7399 +−0.07718× T ) (3.5)

The time lag correction is based on the assumption that the ambient humidity re-
mains almost constant for a short interval of the measurement time. This necessitates
a very good temporal resolution for the profiles. It is also necessary that the relative
humidity values in the profiles have precision to certain decimal values in order that
the correction may be effective.

Miloshevich et al. [2009] have found that despite correcting for the systematic
biases and time lag error, the data from RS92 may still have a bias uncertainty which
is independent of height or RH. This residual bias uncertainty has been found to be
in the range of ±4% RH for nighttime soundings and ±5% RH for daytime soundings
with an additional offset uncertainty of ±0.5% RH.



30 Radiosonde Corrections

Figure 3.4: RS92 time constant as a function of temperature. Source: http://

milo-scientific.com/prof/radiosonde.php.



Chapter 4

Summary of Papers

This thesis is a compilation of three different scientific articles related to the study
of atmospheric upper tropospheric humidity in observations and models. The first
paper investigates the importance of radiosonde humidity corrections in the upper
troposphere and how it is important for satellite validation of UTH measurements
in the IR and microwave spectral ranges. The second paper addresses the issue of
orbital drift error in polar orbiting satellites and attempts on a method to correct this
error so as to pave as one of the important steps to create a long term homogenized
time series to monitor the tropospheric humidity variations. Finally, the third paper
demonstrates the utility of microwave measurements in validating the diurnal cycle
of UTH in climate models.

4.1 Paper I

Radiosondes have served as the main sources of atmospheric vertical profile data prior
to the deployment of operational weather satellites. These are the primary sources
of information for validating models and satellite measurements, and their inputs are
routinely used as initial boundary conditions for various numerical weather prediction
models. However, one major longstanding issue with the radiosonde is the poor
accuracy in determining low water vapour concentrations at higher altitudes such as
in the upper troposphere.

This paper mainly demonstrates the importance of radiosonde humidity correc-
tions for satellite validation. In this paper various correction methods have been
applied to the radiosonde humidity measurements which were then compared with
satellite measurements both in the infrared and microwave spectral ranges. This cor-
rection has been applied to daytime and nighttime datasets separately. The major
correction which is required for the nighttime dataset is the bias removal associated
with the calibration error in the measurement whereas for the daytime soundings, the
major correction is for the solar radiation error. The application of this correction is
shown to be very important for improving the accuracy of radiosonde measurements
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of upper troposheric humidity. After application of this correction, the agreement
between the radiosonde and the satellite measurements for daytime and nighttime
could be improved to a comparable level. This study also cautions against the use of
uncorrected radiosonde measurements for satellite validation.

4.2 Paper II

Climate science today relies on long term climate datasets to monitor climate change.
Water vapour, a key climate variable is notably a large player in driving global cli-
mate change. At present, long term data records of upper tropospheric humidity are
available from various polar orbiting satellites which greatly assist in monitoring the
variations of tropospheric humidity. However, it has been observed that over time, the
orbital height of these satellites decrease owing to various factors, causing a change
in the local sampling time of the satellites and eventually resulting in undesirable
aliasing of the diurnal cycle into the time series data obtained from these satellites.

The second paper addresses the issue of orbital drift error on microwave humidity
sounder measurements from NOAA and MetOpA satellites, and focuses on correcting
this error in satellite microwave humidity measurements. The study uses data from
the sensors AMSU-B onboard the NOAA-15, 16 and 17 and MHS onboard the NOAA-
18 and MetOpA satellites. As a first step towards correcting the orbital drift error, the
diurnal variation of humidity brightness temperatures were constructed by combining
data from the different polar orbiters and eventually deducing the diurnal sampling
bias from them. This paper presents a detailed behavior of the diurnal variability
of different microwave humidity measurements and their seasonal variations. The
impact of diurnal correction has been demonstrated on the time-series of NOAA-16
channel brightness temperature which detects the surface temperature variations, and
UTH channel on NOAA-17 satellites. It is also shown that combining the ascending
and descending time series measurements from NOAA satellites which are affected by
orbital drift error cannot completely eliminate the diurnal sampling bias. This study
could be an important link towards the creation of homogenized humidity climate
datasets from microwave measurements of NOAA and MetOpA satellites.

4.3 Paper III

Presently, quantitative answers to our past, present and future climate scenarios are
visualized using global climate models. Many sensitivity studies like as to how the
climate system responds to changes in the various external forcings such as solar in-
solation, CO2 concentrations, cloud cover, water vapour concentrations etc., depends
on these climate models. However, several sub-scale processes such as convection and
cloud are parameterized, therefore the models have to be validated against observa-
tions to assess the reliability of the simulations.

In paper 3, we evaluate the UTH diurnal cycle simulation in two different climate
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models by using microwave satellite measurements as the reference. The diurnal
cycle from microwave measurements was generated by combining data from four
different polar orbiting satellites, thus providing 8 samplings at different local times
in a day. These comparisons between models and observations were restricted to
some selected convective land and oceanic regions over the tropics. An IR diurnal
cycle has also been constructed from METEOSAT satellite observations for analyzing
any differences between the diurnal cycles of IR and microwave. Models exhibit
considerable differences in the diurnal amplitude and phase relative to the microwave
observations. Furthermore, a shift in the diurnal phase in IR is observed relative to
microwave and this can be attributed to the differences in the cloud sensitivity in IR
and microwave. It is also demonstrated that a cloud fraction threshold in the range
of 0.52 to 0.98 is ideal for IR model comparison and the typical values of 0.3–0.4
generally used in such comparisons could overcorrect the problem.
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Chapter 5

Conclusions and Future Work

The upper tropospheric humidity and its representation by radiosondes, satellite
data and climate models have been researched in this thesis. Aspects like the diurnal
variation of UTH from satellite measurements and models form an important part of
the study.

The first article showing the importance of radiosonde corrections is unique in
that it uses satellite measurements to actually depict the importance of these correc-
tions. Though there have been various earlier studies which have addressed the issue
of errors in radiosonde upper tropospheric humidity measurements and have devel-
oped correction procedures to address the same, they have not provided conclusive
evidences of the efficacy of these corrections [Turner et al., 2003, Miloshevich et al.,
2001, Soden et al., 2004]. However, our study on the Vaisala RS92 radiosonde correc-
tion provides evidence that the correction method can indeed reduce the radiosonde
dry bias in the upper troposphere. This study also has the potential to serve as
a reference when one needs to evaluate the fidelity of future radiosonde humidity
corrections.

An attempt to correct for the orbital drift error in microwave measurements has
been presented in the second article. This work is one of the important steps towards
making a climate quality long term humidity dataset from microwave measurements
of polar orbiting satellites. A preliminary analysis shown in this work reveals that the
method can address the orbital drift error. The significance of this work is greater
when this work is used in conjunction with the other important works on inter-satellite
bias correction [John et al., 2012, in press, 2013]. This study is first of its kind in
applying the orbital drift error correction on microwave measurements. The effort to
making a climate quality dataset from the microwave humidity sounder measurements
is an ongoing work and this paper is one of the results from such a study. As a follow
up study of this work, the impact of different satellite calibration methods on the
diurnal sampling bias correction can be taken up. This impact can be quantified by
inferring the trend in the tropospheric humidity measurements.

The evaluation of climate models in simulating the diurnal cycle of UTH using

35



36 Conclusions and Future Work

microwave UTH diurnal cycle measurements has been undertaken in the third article.
The differences in IR and microwave diurnal cycles have also been demonstrated in
the study. This is an initial study which uses microwave diurnal cycle to evaluate
the model diurnal cycle and in the long run the plan is to extend this to evaluate
the diurnal cycles of UTH in different climate models participating in the AMIP and
Coupled Model Intercomparison Project Phase 5 (CMIP5) projects.
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L. M. Miloshevich, H. Vömel, D. N. Whiteman, and T. Leblanc. Accuracy assessment
and correction of vaisala RS92 radiosonde water vapor measurements. J. Geophys.
Res., 114:D11305, 2009. ISSN 0148-0227. doi: 10.1029/2008JD011565.

M. F. Modest, editor. Radiative Heat Transfer. Academic Press, Newyork, 2003.

I. Moradi, S. A. Buehler, V. O. John, and S. Eliasson. Comparing upper tropospheric
humidity data from microwave satellite instruments and tropical radiosondes. J.
Geophys. Res., 115:D24310, 2010. doi: 10.1029/2010JD013962.

I. Moradi, H. Meng, R. Ferraro, and S. Bilanow. Correcting geolocation errors for
microwave instruments aboard NOAA satellites. IEEE T. Geosci. Remote, in press
2012. doi: 10.1109/TGRS.2012.2220551.

P. P. Peixoto and A. H. Oort, editors. PHYSICS OF CLIMATE. Springer-Verlag
Newyork, Inc., 1992.

A. Raval and V. Ramanathan. Observational determination of the greenhouse effect.
Nature, 342:758–761, Dec. 1989. doi: 10.1038/342758a0.

A. Raval, A. H. Oort, and V. Ramaswamy. Observed dependence of outgoing longwave
radiation on sea surface temperature and moisture. J. Climate, 7:807–821, 1994.



References 41

W. G. Rees. Physical Principles of Remote Sensing. Cambridge university press, 2
edition, 2001. ISBN 978-0-521-66948-1.

C. D. Rodgers, editor. INVERSE METHODS FOR ATMOSPHERIC SOUNDING.
World Scientific Publishing Co.Pte.Ltd, 2000.

P. W. Rosenkranz. Water vapor microwave continuum absorption: A comparison
of measurements and models. Radio Sci., 33(4):919–928, 1998. (correction in 34,
1025, 1999), ftp://mesa.mit.edu/phil/lbl_rt.

R. J. Ross and D. J. Gaffen. Comment on Widespread tropical atmospher ic drying
from 1979 to 1995 by Schroeder and McGuirk. Geophys. Res. Lett., 25:4357–4358,
1998. doi: 10.1029/1998GL900169.

E. P. Salathé, Jr. and D. L. Hartmann. A Trajectory Analysis of Tropical Upper-
Tropospheric Moisture and Convection. J. Climate, 10:2533–2547, Oct. 1997. doi:
10.1175/1520-0442(1997)010〈2533:ATAOTU〉2.0.CO;2.

D. J. Seidel. Water vapor: distribution and trends. In Encyco- pedia of Global
Environmental Change, John Wiley and Sons, Ltd, 2001.

S. C. Sherwood, R. Roca, T. M. Weckwerth, and N. G. Andronova. Tropospheric
water vapor, convection, and climate. Rev. Geophys., 48:RG2001, 2010. doi: 10.
1029/2009RG000301.

B. J. Soden and F. P. Bretherton. Upper tropospheric relative humidity from the
GOES 6.7 μm channel: Method and climatology for july 1987. J. Geophys. Res.,
98(D9):16,669–16,688, 1993.

B. J. Soden and I. M. Held. An assessment of climate feedbacks in coupled ocean-
atmosphere models. J. Climate, 19(14):3354–3360, 2006.

B. J. Soden and J. R. Lanzante. An assessment of satellite and radiosonde climatolo-
gies of upper-tropospheric water vapor. J. Climate, 9:1235–1250, 1996.

B. J. Soden, D. D. Turner, B. M. Lesht, and L. M. Miloshevich. An analysis of
satellite, radiosonde, and lidar observations of upper tropospheric water vapor from
the atmospheric radiation measurement program. J. Geophys. Res., 109:D04105,
2004. doi: 10.1029/2003JD003828.

B. J. Soden, D. J. Jackson, V. Ramaswamy, M. D. Schwarzkopf, and X. Huang. The
radiative signature of upper tropospheric moistening. Science, 310(5749):841–844,
Nov. 2005. doi: 10.1126/science.1115602.

B. J. Soden, I. M. Held, R. Colman, K. M. Shell, J. T. Kiehl, and C. A. Shields.
Quantifying Climate Feedbacks Using Radiative Kernels. J. Climate, 21:3504, 2008.
doi: 10.1175/2007JCLI2110.1.



42 References

B.-J. Sohn, E.-S. Chung, J. Schmetz, and E. A. Smith. Estimating upper-tropospheric
water vapor from SSM/T-2 satellite measurements. J. Appl. Meteorol., 42(4):488–
504, 2003. doi: 10.1175/1520-0450(2003)042〈0488:EUTWVF〉2.0.CO;2.

B.-J. Sohn, J. Schmetz, R. Stuhlmann, and J.-Y. Lee. Dry bias in satellite-derived
clear-sky water vapor and its contribution to longwave cloud radiative forcing. J.
Climate, 19:5570–5580, 2006. doi: 10.1175/JCLI3948.1.

R. W. Spencer and W. D. Braswell. How dry is the tropical free troposphere? impli-
cations for global warming theory. Bull. Amer. Met. Soc., 78(6):1097–1106, 1997.

T. Stocker, editor. Introduction to Climate Modelling. Springer, 2011.

K. E. Trenberth, J. Fasullo, and L. Smith. Trends and variability in column-integrated
atmospheric water vapor. Climate Dynamics, 24:741–758, 2005.

D. D. Turner, B. M. Lesht, S. A. Clough, J. C. Liljegren, H. E. Revercomb, and
D. C. Tobin. Dry bias and variability in vaisala rs80-h radiosondes: The ARM
experience. J. Atmos. Oceanic Technol., 20:117–132, 2003.
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ABSTRACT

A study has been carried out to assess the importance of radiosonde corrections in improving the agreement

between satellite and radiosonde measurements of upper-tropospheric humidity. Infrared [High Resolution

Infrared Radiation Sounder (HIRS)-12] and microwave [Advanced Microwave Sounding Unit (AMSU)-18]

measurements from the NOAA-17 satellite were used for this purpose. The agreement was assessed by

comparing the satellite measurements against simulated measurements using collocated radiosonde profiles

of the Atmospheric Radiation Measurement (ARM) Program undertaken at tropical and midlatitude sites.

The Atmospheric Radiative Transfer Simulator (ARTS) was used to simulate the satellite radiances. The

comparisons have been done under clear-sky conditions, separately for daytime and nighttime soundings.

Only Vaisala RS92 radiosonde sensors were used and an empirical correction (EC) was applied to the ra-

diosonde measurements. The EC includes correction for mean calibration bias and for solar radiation error,

and it removes radiosonde bias relative to three instruments of known accuracy. For the nighttime dataset, the

EC significantly reduces the bias from 0.63 to20.10 K in AMSU-18 and from 1.26 to 0.35 K in HIRS-12. The

EC has an even greater impact on the daytime dataset with a bias reduction from 2.38 to 0.28 K inAMSU-18 and

from 2.51 to 0.59 K in HIRS-12. The present study promises a more accurate approach in future radiosonde-

based studies in the upper troposphere.

1. Introduction

The vertical distribution of water vapor in the tropo-

sphere is quite inhomogeneous, ranging from concen-

trations of a few percent near the surface to only a few

parts per million near the tropopause. Despite the fact

that the upper-tropospheric water vapor constitutes only

a small fraction of the total water vapor, it still has

a large effect on the outgoing longwave radiation (Kiehl

and Briegleb 1992). Model studies suggest that nearly

two-thirds of the total radiative feedback from water

vapor occurs in the upper troposphere (Held and Soden

2000). These studies confirm the need for an accurate

monitoring of the upper-tropospheric humidity (UTH),

which is not verywell simulated in current climatemodels

(John and Soden 2007). One of the sources of UTH

measurements is radiosonde data since themid-twentieth

century. These observations, however, are limited mainly

to land areas and are known to have data quality issues

(Elliott and Gaffen 1991; Miloshevich et al. 2009; Soden

and Lanzante 1996).
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The satellite era has offered us the advantage of mea-

suring UTH globally, along with a wealth of other in-

formation to understand the earth’s atmospheric system

better. In the microwave and infrared spectral range,

certain frequency ranges are dominated by water vapor

emission from a broad range of pressure levels approxi-

mately between 200 and 500 hPa. These frequency ranges

are suitable for deriving UTH. The typical frequencies

used for this application are 6.7 mm for infrared and 1836
1 GHz for microwave. The term UTH was first used by

Soden and Bretherton (1993), to describe relative hu-

midity regressed from satellite-observed brightness tem-

peratures obtained by broadband infrared instruments.

A similar approach was followed by Buehler and John

(2005) to derive UTH from microwave measurements

near the 183-GHz water vapor emission line.

Although there have been studies on both infrared

and microwave measurements (Buehler et al. 2004;

Soden and Lanzante 1996), none of the studies thus far

have looked into both instrument types simultaneously

to judge their consistency. For this purpose, the satellite

infrared and microwave measurements have been collo-

cated with radiosonde profiles of the Atmospheric Ra-

diation Measurements (ARM) Program undertaken at

midlatitude and tropical locations. The comparisons were

performed in radiance space by simulating the infrared

and microwave channel radiance from the radiosonde

data using theAtmosphericRadiativeTransfer Simulator

(ARTS; Eriksson et al. 2011).

The relative humidity (RH) measurements from

Vaisala radiosondes are known to have a dry bias in the

upper troposphere (Vömel et al. 2007b; Moradi et al.

2010). Recently, Miloshevich et al. (2009) have im-

plemented an empirical correction procedure to remove

the mean bias error in RS92 radiosonde sensors by

characterizing their accuracy relative to three refer-

ence instruments of known accuracy. We have applied

this correction to the RS92 radiosonde profiles. The

correction is applied for mean calibration bias as a func-

tion of RH and temperature. A correction for solar ra-

diation error resulting from solar heating of the RH

sensor is also applied for daytime soundings. In addition,

a nonbias correction for sensor time lag (TL) error caused

by slow response at low temperature is also examined.

The TL correction recovers vertical structure in the RH

profile that was ‘‘smoothed’’ by slow sensor response

(Miloshevich et al. 2004). Although the time lag cor-

rection is not directly a bias correction, it may remove

some parts of a bias, in particular, in regions with strong

gradients. An important objective of this study is to

assess whether the various corrections improve the

agreement between the radiosonde and satellite data in

both the infrared and microwave bands.

The paper is structured as follows: Section 2 focuses

on the details of measurements and the models and

methods used. Section 3 presents results and discus-

sions on the impact of radiosonde correction procedure

in satellite–radiosonde comparison. Finally, section 4

presents the summary and conclusions.

2. Measurements, models, and methods used

a. Satellite data

The National Oceanic and Atmospheric Administra-

tion (NOAA)-17 satellite carries the Advanced Micro-

wave Sounding Unit (AMSU) and the High Resolution

Infrared Sounder (HIRS)-3. AMSU consists of AMSU-

A andAMSU-B sensors, with a total of 20 channels. The

primary function of the 15-channel AMSU-A (channels

1–15) is to provide temperature sounding of the atmo-

sphere. The five channels of AMSU-B (channels 16–20)

mainly measure water vapor and liquid precipitation

over land and sea. Three channels (18–20) are situated

around the strongwater vapor spectral line at 183.31 GHz

with different offsets from the line center. AMSU-B is a

cross-track, continuous line scanning, total power ra-

diometer with an instantaneous field of view of 1.188 (at
the half-power points), equivalent to a nominal spatial

resolution of 16 km at nadir. The antenna provides

a cross-track scan, scanning649.58 fromnadir with a total

of 90 Earth fields of view per scan line.

HIRS-3 on board NOAA-17 is a 20-channel in-

strument with an instantaneous field of view of 1.388,
providing a nominal spatial resolution of 18.9 km at

nadir. The antenna provides a cross-track stepped scan

covering 649.588 from nadir with a total of 56 fields

of view per scan. The spectral characteristics of the

HIRS-3 channels are available online (see http://www.

ncdc.noaa.gov/oa/pod-guide/ncdc/docs/klm/index.htm).

The spectral characteristics differ between different sat-

ellites. Hereafter, the two channels used in inferringUTH

measurements, namely, HIRS channel 12 and AMSU

channel 18, will be referred to as HIRS-12 (6.7 mm) and

AMSU-18 (183 6 1 GHz; Soden and Bretherton 1993;

Buehler and John 2005; Buehler et al. 2008). We have

used measurements of HIRS-12 and AMSU-18 for the

period of 2005–08 on NOAA-17.

b. Radiosonde data and the correction methods

The ARM program operated by the U.S. Department

of Energy launches radiosondes from several dedicated

sites. We have used radiosonde data from 2005 to 2008

of two stations: one in the Southern Great Plains (SGP)

at 36.618N, 97.498W in the United States, and one in

the tropical western Pacific, located at 12.428S, 130.888E
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near Darwin, on the northwestern coast of Australia.

We have taken day- and nighttime radiosonde data mea-

sured using Vaisala RS92 sensors. The number of profiles

used for nighttime analysis is 624 out of which 457 belong

to SGP and 167 belong to Darwin. All of the 419 profiles

used for daytime analysis belong to SGP. The profiles used

to study the impact of the time lag correction also belong

to SGP.

The accuracy of radiosonde RH measurements in the

upper troposphere is known to be poor. A number of

studies have shown that RS92 radiosonde sensors ex-

hibit a dry bias in the upper troposphere (Vömel et al.

2007b; Moradi et al. 2010). Miloshevich et al. (2009)

have characterized the accuracy of RS92 RH sensors

relative to three water vapor reference instruments of

known accuracy. The reference instruments are a cryo-

genic frost-point hygrometer (CFH; Vömel et al. 2007a),

which quantifies the accuracy of RS92 above 700 mb;

a microwave radiometer, which mainly senses water va-

por in the lower troposphere; and a systemof six calibrated

RH probes at the surface. The RS92mean calibration bias

was determined by comparing RS92 measurements with

simultaneous measurements from these instruments, and

an empirical correction (EC) procedurewas described that

removes the RS92 mean bias as a function of RH and

pressure P,

RHcorr 5 G(P, RH)3RH, (1)

whereG(P, RH) is the correction factor. The correction

factor is determined from the pressure-dependent curve

fits for several RH intervals (Fig. 9 in Miloshevich et al.

2009), with different curve fits for nighttime and daytime

soundings. The bias error that is corrected for nighttime

soundings is the mean sensor calibration bias. The day-

time soundings are additionally affected by an error

caused by solar heating of the RH sensor. Therefore, in

addition to the mean sensor calibration bias correction,

the daytime soundings also require a correction to re-

move the bias resulting from the so-called solar radia-

tion error (SRE). Hence, the bias and the correction for

daytime soundings would be higher than the nighttime

soundings. In presence of clouds the daytime corrections

could, in fact, overcorrect the radiation bias. However,

this is not a factor in this study because only clear con-

ditions were used. We have applied these corrections on

RS92 radiosonde data and quantified their effect by

comparing the corrected data to satellite measurements.

This study uses a modified version of the published

correction for mean calibration bias that improves the

accuracy for very dry conditions, and extends the upper

limit of validity of the correction to encompass the

tropical upper troposphere/lower stratosphere (UT/LS).

The primary difference is that the correctionwas converted

from a function of pressure to a function of temperature

based on the mean T(P) relationship for the soundings

used to derive the correction. Temperature dependence

is more consistent with the actual sensor calibration and

generalizes the correction to atmospheric profiles sub-

stantially differently from themidlatitude soundings used

to derive the correction. Additional details of the modi-

fied correction for mean calibration bias and associated

IDL code can be found online (http://milo-scientific.com/

prof/radiosonde.php).

The correction procedure described by Miloshevich

et al. (2009) also includes a correction for sensor time-

lag error that causes ‘‘smoothing’’ of the measured RH

profile resulting from a slow sensor response at low

temperatures. To see whether the time-lag correction

has a significant role in reducing the brightness temper-

ature bias, a subset ofRS92 profiles was also corrected for

time-lag error as describedbyMiloshevich et al. (2004).A

subset of soundings is used because olderARMdata (and

most operational RS92 data) have integer RH values,

which result in a less accurate time-lag correction because

much of the detailed information important for a time-lag

correction is lost due to ‘‘rounding off’’ of the data. For

this and other reasons, it is recommended that users of

the Vaisala Digicora III data system output the higher-

resolutionRHdata in so-called Floating-Point Electronic

Data Transfer (FLEDT) files rather than the integer RH

values in standard Electronic Data Transfer (EDT) files.

It should be noted here that in December 2010, Vai-

sala updated their data-processing algorithm to include

time-lag and solar radiation corrections that differ from

those of Miloshevich et al. (2009), but this does not in-

clude the correction for the mean calibration bias used

in this study. This change affects only new Digicora III

data systems or older systems updated with software

version 3.64, and the effect on soundings is described in

Vaisala’s ‘‘RS92 data continuity’’ website.

c. Radiative transfer model

The ARTS is a line-by-line radiative transfer model

that simulates radiances from the infrared to the mi-

crowave spectral range (Buehler et al. 2005; Eriksson

et al. 2011). The model uses precalculated absorption

data to speed up the calculation, as described in Eriksson

et al. (2011).

The code is flexible from the user’s point of view and is

freely available, along with comprehensive documen-

tation (http://www.sat.ltu.se/arts/). The ARTS model

has been validated against other models and satellite

measurements (John and Buehler 2005; Melsheimer

et al. 2005; Saunders et al. 2007). The model has been

used for a wide range of atmospheric studies, including
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applications from the infrared to the microwave wave-

length range (Deuber et al. 2005; Fiorucci et al. 2008;

Eriksson et al. 2003).

Buehler et al. (2010) recently implemented a fast

setup to reduce the computational cost of the broadband

radiance simulations of HIRS channels through the rep-

resentative frequency selection by simulated annealing.

The computational cost has been reduced significantly

while keeping the accuracy of the radiance calculations

the same as the conventional line-by-line calculations.

They have shown that the HIRS channel radiances on

NOAA-14 can be simulated with only 133 frequencies.

For comparison, a full line-by-line calculation would

require 72 717 frequencies. The accuracy of this method

is of the order of 0.03 K. This modified setup has been

used for the present study.

Different continuum models have to be used for the

infrared and the microwave spectral range. The ab-

sorption model setups for the two different spectral

ranges are as follows. In the microwave, we have used

PWR98 (Rosenkranz 1998) for H2O lines and contin-

uum and PWR93 (Rosenkranz 1993) for N2 and O2

lines and their respective continua. Furthermore, line

data of O3 was taken from the High Resolution Trans-

mission (HITRAN) 2004 database (Rothman et al. 2003).

In the infrared, line data were taken from HITRAN 2004

while the continua of H2O, CH4, N2, O2, and CO2 were

taken from MT_CKD_1.0 (Mlawer et al. 2003). A model

intercomparison study betweenARTS and the LBLRTM,

an established reference model for the infrared spectral

range was carried out for HIRS-12 on NOAA-14, -15, -16

and -17 satellites. The model comparison approach is de-

scribed in the appendix. The two RT models were found

to agree within a brightness temperature difference of

0.22 K. ARTS includes various algorithms to simulate

the influence of clouds (Davis et al. 2005; Emde et al.

2004). However, for the present study only clear-sky

simulations were performed.

d. Collocations and cloud detection approach

The collocations between NOAA-17 measurements

and ARM radiosondes are based on spatial and tem-

poral constraints. The spatial constraint is implemented

by a target area of a 50-km radius around the radio-

sonde location, as in Buehler et al. (2004). This approx-

imately takes into account the drift of the radiosonde

as it ascends through the atmosphere. The number of

collocated pixels in a target area varies from 2 to 8 for

HIRS-12 and from 10 to 30 for AMSU-18, respectively.

The time constraint imposed on the collocated dataset

is62 h. This should accommodate the time taken for the

radiosonde to reach the satellite-measuring altitude peak

(300 hPa), which is approximately 25 min. Hence, the

radiosonde time in the collocated dataset is the sum

of the radiosonde launch time and 25 min. Radiances

are simulated from radiosonde profiles using ARTS to

match with the satellite-viewing geometry.

A meaningful comparison between satellite measure-

ments and clear-sky RT model simulations is possible

only if themeasurements are free of cloud contamination.

Therefore, we use the cloud detection tests developed by

McMillin and Dean (1982) to filter out contaminated

HIRS pixels from our analysis. Details of this procedure

are as follows:

Each pixel from satellite measurements is subjected

to the following cloud detection tests. The first two tests

are based on the longwave window channel (11 mm)

brightness temperature and are applicable to all of the

measurements:

(i) A pixel is classified as cloudy if its window channel

brightness temperature is too cold (,210 K).

(ii) A pixel is classified as cloudy, if the longwave

window channel brightness temperature is 4 K

cooler than that of the warmest pixel from the

target area.

(iii) If any one of the followings conditions fail for

nighttime measurements, then the pixel is classified

as cloudy:

24:0 K# TB(18)2 TB(8)# 2:0 K,

24:0K# TB(19)2 TB(18)# 2:0 K.

(iv) During the day a pixel is clear if

jTB(18) 2 TB(8)j, 10 K,

where TB(i) is the brightness temperature for a given

HIRS channel i. If there is more than one clear pixel in

the target area, the average over all the clear pixels are

used; otherwise, it is classified as cloudy. This very

stringent clear scene requirement condition satisfies

25%–100% of the target area for HIRS depending on

the cloud cover. We assume that the AMSU-18 pixels

coincident to the clear HIRS-12 pixels are not cloud

contaminated. This could even result in the removal of

the AMSU-18 pixels, which are unaffected by clouds

because of the much higher sensitivity of HIRS mea-

surements to thin clouds.

e. Relation between UTH and brightness
temperature

The relationship between UTH and brightness tem-

perature TB is given by

ln(UTH) 5 a 1 b3TB, (2)
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where a and b can be determined by linear regression.

The derivative yields

DUTH

UTH
5 b3DT. (3)

In other words, absolute changes in brightness tem-

perature map to relative changes in UTH. To ensure

complete consistency here, we have redetermined the

parameters bHIRS_12 and bAMSU_18 using linear regression

on the simulated measurements for the Chevallier et al.

(2006) dataset. The values obtained for bHIRS_12 and

bAMSU_18 are 0.110 and 0.070 for the nadir-viewing di-

rection. For the extreme off-nadir viewing direction the

bHIRS_12 and bAMSU_18 values are 0.118 and 0.076. These

values are in good agreement with Soden and Bretherton

(1993) and Buehler and John (2005). The regression co-

efficients a and b for different viewing angles of HIRS-12

are summarized in Table 1.

f. Ozone impact on AMSU-18 radiances

The impact of ozone lines on AMSU-B radiances was

investigated by John and Buehler (2004). They found

that the ozone impact is largest for AMSU-18. This can

reduce its brightness temperature, with a reduction that

can reach amaximum of 0.5 K. It was also reported that

zonal, monthly mean climatological values of ozone

profiles are sufficient to account for the ozone impact

onAMSU-18 radiances.With the above work as a base,

temperature and humidity profiles fromARMradiosondes

were taken up to 100 hPa, and the rest of the pressure

levels up to 0.2 hPawere filled inwith climatological ozone

and temperature profiles for AMSU-18 simulations. A

water vapor concentration of 5 ppmv was assumed above

100 hPa. It is to be noted that the temperature and hu-

midity profiles above 100 hPa have negligible impact on

the AMSU-18 radiance. Thus, it is the presence of ozone

that contributes to the impact. Climatological ozone

and temperature profiles from Total Ozone Mapping

Spectrometer (TOMS) version (v8), which are given

for each 108 latitude bin and month, were used to fill

in the radiosondes above 100 hPa. In the case of the

HIRS-12 simulations, we have restricted the tempera-

ture and humidity profiles from ARM radiosondes to

90 hPa because the profiles above this level have negli-

gible impact on HIRS-12 radiances. Ozone has no in-

fluence on HIRS-12 simulations.

3. Results and discussion

The radiosonde–satellite comparison results in terms

of bias for AMSU-18 and HIRS-12 are discussed in this

section. The results of daytime and nighttime comparisons

FIG. 1. Jacobian of AMSU-18 and HIRS-12 UTH channels for

the standard tropical atmosphere (Garand et al. 2001) with a nadir

viewing geometry. Jacobian values are divided by their sum.

TABLE 1. The regression coefficients a and b used to deriveUTH

from HIRS-12 for its different viewing angles. The UTH is defined

with respect to liquid water.

u (8) a (Dimensionless) b (K21)

0.900 29.554 20.110

2.700 29.556 20.110

4.500 29.560 20.110

6.300 29.566 20.110

8.100 29.574 20.110

9.900 29.584 20.110

11.700 29.596 20.110

13.500 29.610 20.110

15.300 29.626 20.111

17.100 29.645 20.111

18.900 29.667 20.111

20.700 29.691 20.111

22.500 29.718 20.111

24.300 29.748 20.111

26.100 29.781 20.112

27.900 29.818 20.112

29.700 29.859 20.112

31.500 29.904 20.112

33.300 29.955 20.113

35.100 30.011 20.113

36.900 30.073 20.113

38.700 30.143 20.114

40.500 30.222 20.114

42.300 30.311 20.115

44.100 30.412 20.116

45.900 30.529 20.116

47.700 30.666 20.117

49.500 30.828 20.118
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are presented separately. The bias is calculated as the

mean of the difference between the simulated and mea-

sured brightness temperature, so a positive bias means

that the radiosondemeasurements are dry and vice versa.

The same convention is followed throughout the dis-

cussion that follows.

The bias value can be used to determine the relative

difference in the UTH measurements between the sat-

ellite and radiosonde. Applying the transformation co-

efficients [bHIRS_12(0.114) and bAMSU_18 (0.073)] in Eq.

(3), it can be inferred that a 1-K bias in AMSU-18 cor-

responds to a relative error of 7% in UTH, whereas for

HIRS-12 it corresponds to a relative difference of 11%.

Even though both AMSU-18 and HIRS-12 measure

UTH, their sensitivity lies at slightly different altitudes.

As shown in Fig. 1, the peak of HIRS-12 sensitivity lies

approximately 2 km higher in altitude than for AMSU-

18. These differences in sensing height will lead to a bias

rather than a random error. Knowing the fact that ra-

diosonde bias is altitude dependent (Miloshevich et al.

2009), the bias for HIRS-12 and AMSU-18 could be

different because the sounding altitudes of the two in-

struments are not the same.

As a separate study to show the impact of ozone in

AMSU-18 simulations,wehave calculated thebiaswith and

without the inclusion of ozone. The nighttime-uncorrected

FIG. 2. Scatterplots of simulated vs observed brightness temperature for AMSU-18 and HIRS-12 (top)

before and (bottom) after empirical correction (correctedRS92) for the nighttime data. Diagonal (black)

and regression (red) lines are shown. The number of data points is 624 for each plot.

TABLE 2. Statistics comparing satellite radiance and simulated

radiance in brightness temperature units for the nighttime dataset.

The bias is defined as the mean of simulated minus measured data.

SD refers to the standard deviation. The number of profiles used is

624. Suffixes bc and ac refers to before and after empirical cor-

rection.

Channel Bias (K)

Bias in

UTH (%) SD (K)

SD UTH

(%)

AMSU-18bc 0.63 24.5 1.66 11.62

AMSU-18ac 20.10 0.7 1.68 11.76

HIRS-12bc 1.26 214.3 1.40 16

HIRS-12ac 0.35 23.9 1.42 16.18
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radiosonde datasets were alone chosen for this study.

The results reveal that the inclusion of ozone improved

the bias to 0.63 K from a bias of 0.99 K. Obviously, here

the inclusion of ozone reduces the AMSU-18 brightness

temperature by 0.35 K. This is a clear confirmation that

inclusion of ozone leads to a better agreement between

satellite- and radiosonde-measured UTH as argued by

John and Buehler (2004).

The nighttime comparison results for AMSU-18 and

HIRS-12 are summarized in Table 2. Also, Fig. 2 shows

a scatterplot of simulated versus observed brightness

temperatures for AMSU-18 and HIRS-12 before and

after correction. The empirical correction reduces the

bias from 0.63 to 20.1 K for AMSU-18 and from 1.26

to 0.35 K for HIRS-12. The reduction in the bias is

higher for HIRS-12 (0.91 K) in comparison to AMSU-

18 (0.73 K). The results of daytime analysis are pre-

sented in Table 3. In contrast to the nighttime biases, the

daytime biases in the uncorrected datasets are much

higher (2.38 K in AMSU-18 and 2.51 K in HIRS-12). As

a result, the empirical correction on daytime datasets has

a profound influence in reducing the bias in AMSU-18

and HIRS-12. Accordingly, the bias reduction is of the

order of 2.1 K for AMSU-18 and 1.92 K for HIRS-12.

This clearly is an indication that the corrections are es-

pecially required for all daytime radiosonde observations,

which are subject to solar radiation error. Recall that in

addition to the mean bias correction as applied in the

nighttime dataset, the daytime correction also includes

a correction for solar radiation error, which is most sig-

nificant here.

The bias as a function of brightness temperature bin-

ned at 5-K intervals for the day- and nighttime datasets

is shown in Fig. 3. The reduction in bias resulting from

correction is evident in all brightness temperature ranges,

which represent varying humidity conditions in the upper

FIG. 3. Bias as a function of brightness temperature binned at 5-K intervals before (red) and after (blue)

empirical correction for (left) AMSU-18 and (right) HIRS-12. The standard error (vertical bars), and

(top) nighttime and (bottom) daytime data are shown.

TABLE 3. Statistics comparing satellite radiance and simulated

radiance in brightness temperature units for the daytime dataset.

The bias is defined as the mean of simulated minus measured data.

SD refers to the standard deviation. The number of profiles used is

419. Suffixes bc andac refers to before andafter empirical correction.

Channel Bias (K)

Bias in

UTH (%) SD (K)

SD UTH

(%)

AMSU-18bc 2.38 216.6 1.31 9.17

AMSU-18ac 0.28 21.96 1.39 9.73

HIRS-12bc 2.51 228.61 1.19 13.57

HIRS-12ac 0.59 26.73 1.27 14.48
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troposphere from wet (low brightness temperature) to

dry (high brightness temperature). The impact of em-

pirical correction on the radiosonde profiles themselves

can be inferred from Fig. 4, which shows the mean RH of

all of the profiles before and after correction. The mag-

nitude of correction is much higher for the daytime data

as compared to the nighttime data. It is the solar radiation

correction rather than the mean calibration bias correc-

tion that accounts for this large difference in the daytime

dataset. The bias correction for SRE accounts for more

than 50% of the bias reduction in the daytime dataset. It

is also worthwhile to mention that the magnitude of the

correction is dependent on different humidity conditions

in the upper troposphere and is higher under drier con-

ditions for the nighttime dataset, while in the daytime

dataset it is higher under moist conditions with the

exception of some parts of the upper troposphere (Fig. 5).

These results highlight the importance of corrected ra-

diosonde profiles for satellite validation. In addition, the

results also reveal that the empirical correction is quite

effective in reducing the dry bias of radiosondes in the

upper troposphere and leads to a better agreement be-

tween HIRS-12 and AMSU-18.

As mentioned earlier, we have used a different algo-

rithm than the published algorithm for mean calibration

bias correction. In the nighttime dataset, the correction

with the new algorithm results in a bias of 0.35 K in

HIRS-12, whereas with the published algorithm it is

0.38 K, but for AMSU-18 these values are 20.07 and

20.10 K, respectively. For the daytime dataset, cor-

rection with the new algorithm yields a bias of 1.71 K

in HIRS-12 and a bias of 1.75 K with the published

FIG. 4. (left) The mean RH of RS92 radiosonde sensors before (black) and after (red) empirical

correction. (right) The mean of the percentage difference between the corrected and the original profiles

(thick line), and the standard deviation (horizontal bars) are shown. RH profiles fromARM radiosondes

before and after the corrections were interpolated to specific pressure levels (53) ranging from 980 to

100 hPa. The percentage difference is defined as [(corrected--original)/original]3 100%. (top) Nighttime

and (bottom) daytime data are shown.
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algorithm, while in AMSU-18 these values are 1.76 and

1.78 K, respectively. Although these differences are

small, the use of the new algorithm is recommended for

mean calibration correction because the temperature

dependence is more consistent with actual sensor cali-

bration than the pressure dependence, as used in the

published algorithm.

The impact of the TL correction is shown in Table 4.

This result reveals that the TL correction has a negligible

impact on reducing the bias in AMSU-18 and HIRS-12

because the bias reduction is of the order of only 0.03 K.

Because TL correction needs profiles of higher resolu-

tion, it is applied here only to a subset of RS92 profiles.

A noteworthy observation is that the bias reduction in

AMSU-18 and HIRS-12 resulting from empirical cor-

rection on this subset is the same as that for all of the

RS92 profiles (not shown).

Although the agreement between HIRS-12 and

AMSU-18 has been improved because of correction,

a small discrepancy of the order of 0.45 K for nighttime

and 0.31 K for daytime data still remains. One of the

major reasons for the discrepancy can be attributed to

the uncertainty in the corrected RS92 measurements.

Miloshevich et al. (2009) have shown that the bias un-

certainty is 6(4% 1 0.5% RH), which implies that 4%

of themeasured value plus a 0.5%RHoffset component

is increasingly important for drier conditions. For ex-

ample, the relative uncertainty in the corrected RS92

data is 65% for conditions of 50% RH, 66.5% at 20%

RH,69% at 10%RH, and620%at 3%RH. Therefore,

there could be a larger uncertainty in the correction

occurring at the HIRS-12 sensing altitude than at the

AMSU-18 sensing altitude because it senses a drier at-

mosphere. A part of the difference could also be attrib-

uted to error in the radiative transfermodeling. However,

based on the comparison to LBLRTM described in the

appendix, we expect this error to be smaller than 0.3 K.

Systematic error in the satellite measurements, which

is of the order of 0.5 K in AMSU-18 and HIRS-12 on

NOAA-17, could also play a role (Shi and Bates 2011;

John et al. 2012). It is difficult to attribute the remaining

discrepancy between AMSU-18 and HIRS-12 to any

single cause because it is a very small bias. Therefore,

it is only fair to say that the radiosonde, radiative transfer

modeling, and systematic error in AMSU/HIRS mea-

surements are equally plausible contributors to the bias.

Coming back to the subject of radiosonde correction,

one can state that in addition to significantly reducing

the bias between satellite and radiosonde measurements,

empirical correction also brings forth a better agreement

between AMSU-18 and HIRS-12. The discrepancy in

FIG. 5. The percentage difference between the corrected and original profiles classified in terms of

different humidity conditions in the upper troposphere (dry, moist, andmoderate). Classification is based

on the percentiles of the observed brightness temperature inHIRS-12 such that values$75 percentile are

considered dry,#25 percentile are moist, and values ranging between these as moderate. (left) Nighttime

and (right) daytime data are shown.

TABLE 4. Statistics comparing satellite radiance and simulated

radiance in brightness temperature units for RS92 sensors. The bias

is defined as themean of simulatedminusmeasured data. SD refers

to the standard deviation. The number of profiles used is 85. Suf-

fixes btl and atl refers to before and after time lag correction.

Channel Bias (K)

Bias in

UTH (%) SD (K)

SD UTH

(%)

AMSU-18btl 0.14 20.9 1.52 10.64

AMSU-18atl 0.17 21.2 1.51 10.57

HIRS-12btl 0.94 210.7 1.21 13.80

HIRS-12atl 0.91 210.4 1.19 13.56
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the apparent radiosonde bias between HIRS-12 and

AMSU-18 before correction in the nighttime dataset

was around 10%, and it was lowered to approximately

5% after correction. Similarly, the discrepancy in the

uncorrected daytime dataset was 12%, which reduces

to 4.7% after correction. These results show that the

radiosonde correction is very important in bringing

about a better agreement between satellite and radio-

sonde measurements of UTH.

There have been a number of earlier correction

methods for improving the accuracy of RS80 radiosonde

sensors (Turner et al. 2003; Miloshevich et al. 2001).

However, Soden et al. (2004) showed that these correc-

tion procedures offer only a small improvement in the

upper troposphere, although they are effective in the lower

troposphere. In contrast to this, our work for the RS92

sensors and theMiloshevich et al. (2009) correctionmethod

shows a significant improvement, particularly, in the upper

troposphere. The present study therefore may open up

the possibility of applying a similar correction approach

to other radiosonde sensors.

4. Summary and conclusions

The present study evaluates the importance of radio-

sonde correction in improving the agreement between

satellite- and radiosonde-measured UTH. The satellite

measurements from infrared (HIRS-12) and microwave

(AMSU-18) instruments were used for this purpose. The

satellite measurements were collocated with ARM ra-

diosonde profiles. The satellite–radiosonde comparison

was performed by simulating the radiances from collo-

cated radiosonde profiles using ARTS. The comparisons

were performed only for clear-sky conditions. The em-

pirical correction procedure applied to RS92 radiosonde

sensors was found to have a significant impact in reducing

the bias inAMSU-18 andHIRS-12. The nighttime bias in

AMSU-18 (from 0.63 to 20.10 K) was reduced by 0.73

and by 0.91 K in HIRS-12 (from 1.26 to 0.35 K). During

daytime, the decrease in bias is significantly higher, with

a reduction of 2.1 K (from 2.38 to 0.28 K) in AMSU-18

and 1.92 K (from 2.51 to 0.59 K) in HIRS-12. This is on

account of the bias removal associated with the solar ra-

diation error. The correction also improved the consis-

tency between AMSU-18 and HIRS-12 and reduced the

difference between them by 5% in nighttime and by 7%

in daytime datasets.

In addition to showing the importance of radiosonde

correction for satellite validation, this study also cau-

tions against the use of uncorrected radiosonde profiles

for various water vapor–related studies in the upper

troposphere. The need for such corrections is especially

due to the imperfect characterization and calibration of

the sensor output by the manufacturer. The occurrence

of a similar or worse type of imperfection as addressed

here for Vaisala radiosondes cannot be ruled out for

many other operational radiosondes. In any case, accu-

racy is one aspect that cannot be ignored or compromised

in climate-related studies. The correction method de-

veloped byMiloshevich et al. (2009) and implemented in

this study is an example as to how these errors can be

reduced to a significant extent.
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APPENDIX

Model Intercomparison

This is a comparison of results from the ARTS and

LBLRTM forward radiance models. LBLRTM (Clough

et al. 2005) has been validated against atmospheric ra-

diance spectra from the ultraviolet to the submillimeter

wavelength range (Turner et al. 2004). In this study in-

frared radiances were simulated using LBLRTMversion

11.6, which uses the modified water vapor continuum

modelMT_CKD_2.4.We verified that continuumchanges

are negligible in the frequency range where HIRS-12 is

located, because ARTS uses MT_CKD_1.0 as the con-

tinuum model. The line parameters are the same as that

for ARTS (HITRAN 2004).

Model intercomparisons were performed for the

HIRSwater vapor channel (HIRS-12) ofNOAA-14, -15,

-16 and -17. The simulations were based on a subset of

the diverse set of atmospheric profiles from the Euro-

pean Centre for Medium-Range Weather Forecasts
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(ECMWF) reanalysis data (Chevallier et al. 2006). The

number of used profiles is 4700.

Each channel inHIRS has an individual sensor-response

function (SRF), specifying the weight as a function of

frequency within the spectral range of the channel. The

H2O zenith opacity and the SRF for HIRS-12 is shown

in Fig. A1. In the normal line-by-line calculation mode,

ARTS simulates the radiances within the pass band of

the sensor with a high spectral resolution. These radi-

ances are convolved with the SRF to obtain the radiance

of the HIRS channel. For n-frequency grid points within

the pass band of the jth HIRS channel, the convolved

radiance R( j) is given by

R( j) 5

�
n

i51
wiri

�
n

i51
wi

, (A1)

where ri is the radiance for the ith frequency grid point

andwi is the associated weight. The weights for the high-

resolution frequency grids are obtained through in-

terpolation from the sensor-specifiedweights defined for

the frequencies within the SRF. However, the fast setup

for HIRS in ARTS uses only a few frequencies to sim-

ulate the entire HIRS channel radiance. These repre-

sentative frequencies are selected using a simulated

annealing method (Buehler et al. 2010). In the fast setup

for HIRS simulations, the weights for R( j) are derived

using multiple linear regression over a set of line-by-line

calculations using an ensemble of atmospheric conditions.

LBLRTM generates monochromatic infrared radi-

ances with high spectral resolution for a user-specified

frequency range. It has no built-in option to consider the

SRF or other instrumental properties. Thus, to allow

comparison with ARTS, the HIRS channel radiances

have been generated by convolving the high-resolution

spectra with the respective SRF. The Planck function is

used for the conversion of convolved radiance to bright-

ness temperature. During the conversions, care was taken

to ensure that the transformationswere applied to both of

the models in the same manner. Simulations were per-

formed assuming clear-sky conditions and nadir-viewing

geometry with a surface emissivity of 1. The statistics of

comparison for different NOAA satellites sensors are

summarized in Table A1.
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[1] Microwave humidity measurements from polar orbiting satellites are affected by
diurnal sampling biases which are caused by changes in the local observation time of the
satellites. The long-term data records available from these satellites thus have spurious
trends, which must be corrected. Diurnal cycles of the microwave measurements have been
constructed by combining data over the period 2001–2010 from five different satellite
platforms (NOAA-15, -16, -17, -18, and MetOpA). This climatological diurnal cycle has
been used to deduce and correct the diurnal sampling bias in Advanced Microwave
Sounding Unit-B and microwave humidity sounder measurements. Diurnal amplitudes for
channels which are sensitive to surface temperature variations show a sharp land-sea
contrast with the amplitudes exceeding 10 K for land regions but less than 1 K for oceanic
regions. The humidity channels sensitive to the upper and middle troposphere exhibit a
seasonal variation with large diurnal amplitudes over convective land regions (often above
3 K) in comparison to oceanic regions. The diurnal peak times of these channels over
land occur in the early mornings. The diurnal sampling bias correction has a greater impact
over land regions when compared to oceanic regions due to the large diurnal amplitudes
over land. The diurnal cycle of humidity generated as a part of this study could be used
to evaluate diurnal cycles in climate models.

Citation: Kottayil, A., V. O. John, and S. A. Buehler (2013), Correcting diurnal cycle aliasing in satellite microwave

humidity sounder measurements, J. Geophys. Res. Atmos., 118, 101–113, doi:10.1029/2012JD018545.

1. Introduction

[2] Orbital drift of sun-synchronous satellites can intro-
duce artificial trends in climate data records derived from
their measurements. For example, Wentz and Schabel
[1998] have discussed how the orbital drift of National
Oceanic and Atmospheric Administration (NOAA) satellites
introduces an artificial cooling trend in the lower tropospheric
temperature record derived from Microwave Sounding Unit
(MSU) measurements. Orbital parameters of polar orbiting,
sun-synchronous satellites are designed to measure the radia-
tion emitted from any point on the Earth and its atmosphere
at similar local times, thus sampling the same part of the diur-
nal cycle of the geophysical parameters measured. However,
in reality, factors like atmospheric drag, the deviations from
the Earth’s spherical shape, the gravitational pull from celestial
bodies, and solar activity causes the orbit height to decrease

[e.g., Ignatov et al., 2004], unless it is manually maintained
in a stable orbit (e.g., MetOpA). Such a drift in orbital height
leads to changes in the orbiting period and hence a change in
the local sampling time of the satellites leading to undesirable
aliasing of the diurnal cycle into the time series of data from
the polar orbiters.
[3] Different methods have been used to detect and correct

for the orbital drift errors in satellite measurements and their
derived products. For example, orbit drift corrections for the
MSU temperature observations have been achieved using the
diurnal cycle of simulated observations constructed from
hourly outputs of a general circulation model [Mears et al.,
2003]. Jackson and Soden [2007] also corrected for the orbital
drift error in High-Resolution Infrared Sounder (HIRS) obser-
vations using brightness temperatures simulated from the out-
put of a climate model. They derived the diurnal sampling bias
from the simulated brightness temperature time series and then
removed these biases from the time series of observations.
Waliser and Zhou [1997] implemented a rotated empirical
orthogonal function analysis (REOF) to detect the diurnal
sampling bias in outgoing long wave radiation (OLR) and
highly reflective cloud (HRC) datasets. They applied REOF
to OLR and HRC anomalies and identified those eigenmodes
which represent the equatorial crossing time changes. These
eigenmodes were then used to remove the diurnal sampling
bias in the OLR and HRC anomaly datasets. Lee et al.
[2007] corrected for the diurnal sampling bias in the HIRS
OLR data product using the diurnal cycle of OLR which was
created by aggregating inter-satellite bias corrected monthly
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mean OLR values from different NOAA satellites over a pe-
riod of 25 years. Recently, Lindfors et al. [2011] used monthly
climatology of diurnal cycle of HIRS brightness temperatures
generated by combining data for the period 2002–2007 from
different NOAA satellites to derive the diurnal sampling bias
in HIRS measurements.
[4] In this study, we focus on microwave humidity sounder

measurements from NOAA and MetOpA satellites. Micro-
wave data have the advantage of having an almost all-sky
sampling as compared to only clear-sky sampling for infrared
measurements [John et al., 2011]. Microwave observations
of humidity from these satellites are available since 1998,
and the data have been proven to have a significant impact
for numerical weather prediction [e.g., Andersson et al.,
2007]. Indeed, the microwave measurements of atmospheric
humidity date back to 1993 with the launch of Special Sensor
Microwave/Temperature and Humidity Profile (SSM/T2) as
a part of the Defense Meteorological Satellite Program
(DMSP). The microwave humidity data measurements
obtained from the NOAA satellites can be composited for
some climate applications [e.g., Xavier et al., 2010], but
long-term homogeneous data are essential for monitoring
the changes in tropospheric water vapor in a warming cli-
mate. However, data from the microwave humidity sounders
are not homogeneous owing to factors like changes in spec-
tral characteristics, sensor degradation, and drift in the satel-
lite orbit. In this study, we focus on correcting the orbital drift
error in satellite microwave humidity measurements.
[5] This study applies a methodology for the correction of

diurnal sampling biases in microwave humidity measure-
ments by first constructing climatological diurnal cycles of
these measurements by combining data available from five
different platforms for a period of over 10 years. The meth-
odology used here is similar to those used in Lee et al.
[2007] and Lindfors et al. [2011]. This information is subse-
quently used for correcting the orbital drift errors in the hu-
midity measurements.
[6] The paper is structured as follows: Section 2 gives the

details of satellite data used in the study and the methods
used for combining measurements from different satellites.
Section 3 gives details on the construction of diurnal cycle
of measurements and error analysis, section 4 provides the
results and discussion, and finally section 5 presents the
summary and conclusions.

2. Satellite Data

[7] The data used in this study are from Advanced Micro-
wave Sounding Unit-B (AMSU-B) and microwave humidity
sounder (MHS) sensors onboard the NOAA and MetOpA
satellites. AMSU-B is flown on NOAA satellite-15, 16,

and 17, and MHS is on NOAA-18 and MetOpA satellites.
They are both five-channel microwave radiometers dedi-
cated to measuring atmospheric humidity, an important cli-
mate variable [e.g., Held and Soden, 2000], but not very
well simulated by current climate models [e.g., John and
Soden, 2007]. Out of the five channels, three (3, 4, and 5)
are placed near a strong water absorption line at 183 GHz.
The passbands of these channels are 183.31 � 1.00,
183.31 � 3.00, and 183.31 � 7.00 GHz (183.31 + 7.00
GHz for MHS), respectively. Channels 1 and 2, at 89 and
150 GHz (157 GHz for MHS), respectively, look deeper
through the atmosphere on to the Earth’s surface. These
channels are used for the retrieval of ice water path and rain
rate [Weng et al., 2003]. Both AMSU-B and MHS sensors
are cross-track scanning instruments with 90 Earth fields-
of-view per scan line. Two of the five channels differ be-
tween MHS and AMSU-B; the differences are in channels
2 and 5, and the characteristics of these biases are described
in [John et al., 2012]. These differences are taken into
account during the inter-satellite bias correction procedure.
[8] We have used the data spanning the years 2001–2010.

Only channels 1 and 2 of NOAA-15 and NOAA-16 have the
full temporal coverage from 2001 to 2010 as shown in Ta-
ble 1. This is due to the high noise in the measurements of
some of the channels in these satellites after the selected time
period. The near-nadir measurements from each satellite for
each day, separately for ascending and descending orbits,
were averaged onto 2.5� � 2.5� latitude-longitude grids.
Only near-nadir measurements (three measurements on ei-
ther side of nadir) are used in this study in order to avoid
errors due to limb effect and scan asymmetry [Buehler et al.,
2005; John et al., Monitoring scan asymmetry of microwave
humidity sounding channels using simultaneous all angle
collocations (SAACs), submitted to Journal of Geophysical
Research, 2012a]. The gridded data contain information on
the number of measurements (N), time of observation (t),
and mean and standard deviation (s) of brightness tempera-
tures. The data from different satellites gridded in this manner
was grouped on a monthly basis for 2001–2010. The grouping
was done in such a way that a single grid point can have
multiple data from different satellites for different local times
(see Figure 1).
[9] A first-order correction of inter-satellite biases are

done for these measurements using data taken during simul-
taneous nadir overpasses (SNOs; [Cao et al., 2004]) of these
satellites. More details on application of SNOs to microwave
humidity measurements are discussed in (John et al., Assess-
ment of inter-calibration methods for satellite microwave
humidity sounders, submitted to Journal of Geophysical
Research, 2012b). All measurements were bias corrected
to NOAA-18 measurements, which were taken as reference
for all channels. MetOpA channels have very little bias,
within �0.2 K. Channel 1 has the least biases, always within
�0.5 K. For NOAA-15, -16, and -17, channel 2 biases are
about 1.5 K due to the shift in frequency from 150 GHz
for AMSU-B to 157 GHz for MHS. Note that these biases
are state dependent and could be up to 3 K in some cases
[John et al., 2012]. Channel 3 biases are within �0.5 K.
Channel 4 measurements from these satellites have significant
time-varying biases ranging from�1.5 to 2 K. Channel 5 also
has large biases ranging from �1.5 to 1 K. Note that for
NOAA-15 and NOAA-16, channels 3–5 have larger errors

Table 1. The Time Period of the Data Taken from Different
NOAA and MetOpA Satellites for Constructing the Diurnal Cycle
of Different Channels

Channel NOAA-15 NOAA-16 NOAA-17 NOAA-18 MetOpA

1 2001–2010 2001–2010 2003–2010 2006–2010 2007–2010
2 2001–2010 2001–2010 2003–2010 2006–2010 2007–2010
3 2001–2006 2001–2006 2003–2010 2006–2010 2007–2010
4 2001–2006 2001–2006 2003–2010 2006–2010 2007–2010
5 2001–2006 2001–2006 2003–2010 2006–2010 2007–2010
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than described here after 2006 [John et al., 2012]. Thus,
we have not used data of those channels after 2006 in this
study. An error analysis is done to account for the uncer-
tainties in the estimated inter-satellite biases which are dis-
cussed in section 3.

3. Construction of Diurnal Cycle

[10] As can be seen from Figure 1, NOAA 16 has drifted
by approximately 5 h over a period of 10 years. This drift
can cause false trends in the time series [Jacobowitz et al.,
2003]. On the other hand, this drift has the advantage of facil-
itating a better sampling of the diurnal behavior of the mea-
surements as shown in Figure 2 and also can lead to short
periods of global collocations [Holl et al., 2010] which are
utilized to understand the radiance dependence of inter-
satellite biases [John et al., 2012]. The figure shows measure-
ments from all satellites (colored circles) for a grid box over
the Sahara desert for all the Januaries in the study period.
Each colored circle in the figure represents daily measure-
ment average onto a 2.5� latitude-longitude grid point. Using
these measurements aggregated for every month over several
years, a diurnal cycle has been fitted (black curve) for each
grid point using a second order Fourier series. The Fourier

representation is written as follows [Lee et al., 2007; Lindfors
et al., 2011]:

Tb tð Þ ¼ a0 þ a1cos
p t � t1ð Þ

12
þ a2cos

2p t � t2ð Þ

12
(1)

where Tb(t) is the brightness temperature, t is the observa-
tional local time in hours, a0 is the mean value of Tb, a1 is
the amplitude of the 24 h oscillation, a2 is the amplitude of
the 12 h oscillation, and t1 and t2 are the phases of the 24
and 12 h oscillations, respectively. Expanding equation (1)
using simple trignometric identities yields

Tb tð Þ ¼ b0 þ b1cos
pt
12

� �
þ b2sin

pt
12

� �
þ

b3cos
2pt
12

� �
þ b4sin

2pt
12

� � (2)

where b0 = a0, b1 ¼ a1cos pt1
12ð Þ , b2 ¼ a1sin pt1

12ð Þ , b3 ¼
a2cos 2pt2

12ð Þ , and b4 ¼ a2sin 2pt2
12ð Þ . Therefore, the coefficients

a1, a2, t1, and t2 can be determined as

a1 ¼
b1

cos pt1
12ð Þ

(3)

t1 ¼
12

p
tan�1 b2

b1

� �
(4)
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Figure 1. Equator crossing times of the ascending nodes of NOAA and MetOpA satellites which are
used in this study.
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Figure 2. Left: The diurnal variation in brightness temperature of channel 1 (89 GHz) of a grid point
(31.25�N, 1.25�E) over the Sahara desert. The amplitudes a1 and a2 are 5.75 and 2.04 K, respectively.
Colored circles represent measurements from different satellites, and the black curve represents the diurnal
cycle fit. This is for the month of January. Right: Diurnal fit for channels 2–5 is shown in different colors.
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a2 ¼
b3

cos 2pt2
12ð Þ

(5)

t2 ¼
12

2p
tan�1 b4

b3

� �
(6)

[11] The coefficients b0, b1, b2, b3, and b4 are determined
using weighted linear least squares regression. The advan-
tage of doing a regression for bi, instead of directly for ai
and ti, is that the regression for bi is linear, whereas for ti it
is nonlinear. The weights for regression are defined as fol-
lows. As mentioned earlier in section 2, at each grid point
we have measurements from different satellites, and associ-
ated to each measurement, we have the information of its s
and N. Therefore, the estimated error in the measurement
is s=

ffiffiffiffiffiffiffiffi
Nð Þ

p
. The least-square weighting for that measure-

ment is given as the inverse of the square of estimated error
in the measurement.

w ¼
N

s2
(7)

[12] While performing the weighted least squares regres-
sion, we avoid those measurements where the number (N)
used for gridding the measurements is less than 10. More-
over, the regression is performed only for those grid points
where the number of data points in each quarter of the 24 h
local time period is greater than 10. This criterion restricts
our analysis to the latitude belt within 70�S–70�N due to av-
eraging daily data onto a 2.5� � 2.5� latitude-longitude grid.
Unlike lower latitudes, at higher latitudes, a satellite can have
more than one overpass separated few hours apart during
both its ascending and descending orbits. Thus, taking the
temporal average over a 2.5� grid will hinder the criteria of
getting at least 10 data points within each quarter of the
24 h local time period. In addition, diurnal cycles are ill
defined at very high latitudes because summer and winter
have continuous daylight and darkness, respectively. Note
that this is a limitation of our chosen data processing scheme,
not a fundamental limitation of the method itself.

[13] A Monte Carlo error analysis was performed to deter-
mine the uncertainty of the derived fit parameters (amplitudes
a1 and a2) from the Fourier series. Measurements in each grid
point consist of data from the different satellites with each
satellite having a different number of observations for their
ascending and descending passes. Within a grid point, the
data from each satellite for a particular pass containing “M”
observations would then be replaced by a normally distrib-
uted random numbers having the same mean and standard
deviation as that of the “M” observations. This process is re-
peated for all passes of all satellites. The fit parameters a1 and
a2 were determined using equation (1). The process of ran-
domizing the grid point data is repeated 300 times, thus gen-
erating 300 fit parameters (a1 and a2). The standard deviation
of a1 and a2 thus generated is taken as the uncertainty of
the amplitudes. If this uncertainty exceeds the original
amplitude, then the fit cannot be accepted as real. Diurnal
amplitudes of channel 1 and their associated signal-to-noise
ratio (SNR; ratio of amplitude to standard deviation) are
shown in Figure 3. Hereafter, we consider only those diurnal
cycle fits with signal-to-noise ratio of both amplitudes greater
than 1. The assumption of a Gaussian distribution for
brightness temperatures for humidity sounding channels
may not be a completely true representation [John et al.,
2006]. Second-order Fourier series is adopted for diurnal
cycle construction in order to have a better fit for the data un-
der consideration. The actual diurnal cycle need not be sinu-
soidal in nature due to the real atmospheric variability present
in the measurements. Therefore, addition of 12 h oscillations
will aid in better representing the diurnal variation in the data
rather than just using the 24 h oscillations. Our criterion
demands that both amplitudes a1 and a2 should be signifi-
cant, which implies that as long as a1 is significant there is
a diurnal cycle due to solar insolation, and a2 could be greater
or less than a1 depending on the real atmospheric variability
at a particular grid point.
[14] Coastlines are excluded from our analysis, following

the method adopted by Lindfors et al. [2011]. The land frac-
tion within a 2.5� � 2.5� grid was calculated using a 1 km
land-sea mask where the land fraction 0 is assigned for
ocean, and values greater than 0.75 were assigned for land.

Figure 3. First row: Diurnal cycle amplitudes a1 (left) and a2 (right) of channel 1 for January. The unit is
in Kelvin. Second row: Signal-to-noise ratios (see text for details) of the amplitudes a1 (left) and a2 (right).
The unit is dimensionless. White regions in the figure indicate areas with land fraction >0 and ≤0.75.
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The reason for avoiding coastlines is due to the differences
in the surface emissivity between land and oceanic regions.
For surface channels, land has comparatively larger surface
emissivity (~0.95) in relation to ocean (~ 0.7), and therefore
land appears radiometrically brighter than ocean. So com-
bining data over land and ocean makes diurnal cycle look
completely different from that generated using either of land
or oceanic region alone. This affects surface channels 1 and
2 more than the humidity channels over the tropics.
[15] There are some differences in our approach of con-

structing a diurnal cycle compared to that of Lindfors et al.
[2011]. Lindfors et al. [2011] used individual measurements
in a grid box from different satellites for the diurnal cycle,
and therefore there is little scope for taking into account
the outliers in the measurements. In our approach, since we
are gridding the measurements over a 2.5� grid for each pass
of the satellite for each day and doing a weighted least
squares regression for determining diurnal cycle amplitudes,
two things can be achieved. Taking a daily average will sup-
press most of the random variability in the measurements,
and secondly, weighted least squares regression will take
into account the outliers which mostly occur due to high
scene inhomogeneity. If the scene is inhomogeneous, less
weight is given for that data point during regression. The di-
urnal cycle amplitudes and phases determined using simple
linear regression are not different from that determined by
the approach followed by Lindfors et al. [2011]. But intro-
duction of a weighted least squares regression changes the
diurnal cycle amplitudes as compared to the simple linear
regression approach. For example, for the surface channel
1, the differences in amplitude a1 between weighted and
simple linear regression over tropical land is 4.7744 �

2.8927 K, while for amplitude a2, this difference is found
to be 1.3461 � 1.1409 K. The amplitude differences in a1
and a2 in channel 1 for tropical ocean are found to be
0.8178 �1.0720 and 0.2783 � 0.8766 K, respectively. For
channel 3, the amplitude differences in a1 and a2 for land
is 0.3904 � 0.6686 and 0.3698 � 0.6510 K, respectively,
and for ocean the respective differences in a1 and a2 are
0.3499 � 0.5543 and 0.3392 � 0.6239 K. A part of these
differences in amplitudes arise due to the inclusion of all-
sky data in the construction of diurnal cycle.
[16] The Monte Carlo error estimates for the amplitudes

are also different from that of Lindfors et al. [2011]. Lindfors
et al. [2011] use the mean and pooled standard deviation of
the measurements for generating random measurements at
each grid point. They do not take into account the individual
mean and standard deviation of the measurements which
vary and are completely different from one another for dif-
ferent satellites and for their ascending and descending over-
passes. However, we take into account these differences
while generating the random measurements. The effect of
choosing a slightly different approach for random measure-
ments than that of Lindfors et al. [2011] is reflected in the
amplitude significance criterion. For example, in channel 3,
the number of data points with amplitude a1 and a2 in the
range of 0–2 K over the tropics and which satisfies an
SNR greater than 1 with our approach is 12% and 20% less
than that of Lindfors et al. [2011] for a1 and a2, respectively.
[17] There are inter-annual variations in the diurnal cycle

amplitudes for different microwave measurements. To test
whether there are any significant differences in the diurnal

cycle amplitudes due to inter-annual variations, we have
compared the amplitudes generated from two consecutive
years (2003 and 2004) of 6.7 mm channel brightness temper-
ature data available from METEOSAT-7 for the month of
July. The 6.7 mm channel is sensitive to upper tropospheric
humidity variations. The average differences in the diurnal
cycle amplitude a1 between two consecutive July months
computed within 30�S–30�N latitudes separately for land
and oceanic region is found to be 0.26 � 0.24 and 0.21 �

0.19 K, respectively. For amplitude a2, these differences
are 0.12 � 0.113 and 0.0971 � 0.0967 K, respectively.
These variations can be even larger between a normal year
and an El Niño–Southern Oscillation (ENSO) year over the
tropical Pacific Ocean [Chandra et al., 1998]. It is difficult
to quantify these differences with our present approach since
we rely on combining measurements over several years to get
a good temporal resolution so as to construct the diurnal cy-
cle. Moreover, combining data over a 10 year period to gen-
erate the climatology of diurnal cycle will provide an average
behavior of the diurnal cycle amplitude taking into account
all the natural variability occurring during those periods.
[18] We have also studied for any effect of inter-satellite

bias on the diurnal cycle amplitudes. This was done by intro-
ducing a 1 K inter-satellite bias in each of the satellites. The
bias was introduced to one satellite at a time, and the result-
ing diurnal amplitudes were compared against the original
amplitudes. Such a comparison would show whether an in-
ter-satellite bias in a particular satellite with respect to other
satellites would significantly affect the diurnal cycle. Also it
would highlight if any particular satellite has a greater bear-
ing on the diurnal cycle construction. The sensitivity study
was made on channel 3 of the different NOAA satellites,
viz., NOAA-15, NOAA-16, NOAA-17, NOAA-18, and
MetOpA. The results reveal that there is no significant dif-
ference in amplitude a1 with the introduction of a bias in
each of the satellites. However, a2 seems to vary consider-
ably with a maximum variation of up to 0.5 K, and this is
true for all the satellites of interest. Inter-satellite biases
therefore seem to have a greater impact on a2 but is insignif-
icant for a1.

4. Results and Discussion

[19] In this section, we discuss our analysis of diurnal
amplitudes of channels 1 to 5. The discussions begin with
an overview of differences in the diurnal amplitudes and their
peak times as observed in channels 1 to 5. This is followed by
a presentation of the annual cycle modulation of the ampli-
tudes. Finally, a depiction of the impact of diurnal correction
is given by analyzing the time series of channel 1 brightness
temperature on NOAA-16 and channel 3 brightness temper-
ature time series on NOAA-17 satellites.

4.1. Diurnal Amplitudes

[20] Diurnal amplitudes a1 and a2 for the season December,
January, February (DJF) for channels 1 to 5 are shown in
Figure 4. The season DJF is selected here because the am-
plitude pattern is much more coherent than that obtained
using any of the other months. In the figure, amplitudes are
shown for those regions where the amplitudes a1 and a2 have
been found to be significant from the Monte Carlo error
analysis (signal-to-noise ratio>1). The first and second rows
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in the figure show the diurnal amplitudes a1 and a2 of
channels 1 and 2, respectively, which are mostly sensitive
to surface temperature variations. For these channels, the
amplitude a1 is greater than a2 over land regions, whereas
over ocean, these differences are not so distinct. The am-
plitude is larger over land than over ocean, which is con-
sistent with those of Lindfors et al. [2011]. The dry land
regions, as in the Australian desert and Sahara region, ex-
hibit diurnal amplitude, which in a1 exceed 10 K and in a2
exceed 5 K. In addition, large amplitudes are also seen over
convective regions such as the regions in South Africa and
South America. The oceanic regions which lie in the des-
cending branches of the Hadley cell circulation, such as

Southeast Atlantic (20�W–20�E; 15�–30�S) and Southeast
Pacific (120�W–70�W; 15�–30�S) show a1 and a2 to be
over 2 K in channels 1 and 2. It is in these regions that
the marine stratocumulus cloud is formed due to subsidence
inversion [Wang et al., 2004]. Under the presence of such
clouds with high liquid water content, the brightness tem-
peratures of channels 1 and 2 tend to be warmer than under
clear-sky conditions due to the low emissivity of oceanic
surface [Sreerekha et al., 2008]. Therefore, the diurnal cycle
seen over those regions is dominated by the diurnal cycle
of low level clouds.
[21] The third, fourth, and fifth rows of Figure 4 show the

diurnal amplitude of the humidity channels 3–5, which are

Figure 4. Diurnal amplitudes a1 and a2 for channels 1–5 for the season December, January, February
(DJF). White regions in the figure indicate areas with SNR ≤ 1 of amplitudes a1 or a2. The first to fifth
rows represent diurnal amplitudes for channels 1 to 5. The unit is in Kelvin. Note the different color scales
for the two different amplitudes in channels 1 and 2.
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sensitive to upper, middle, and lower tropospheric humidity,
respectively. These channels are sensitive to relative humidity
(RH) variations over broad pressure levels within different
parts of the troposphere. For example, channel 3 is sensitive
to RH changes within 200–500 hPa pressure level, whereas
the sensitivity region for channel 4 lies within 300–800 hPa.
Buehler and John [2005] have shown that there exists a linear
relationship between channel 3 brightness temperature and
the channel’s Jacobian weighted relative humidity which is
roughly in the 200–500 hPa pressure level. A similar relation-
ship exists between channels 4 and 5 brightness temperatures
and relative humidity in the middle and lower troposphere,
respectively.
[22] For channels 3 and 4, the diurnal amplitude is larger

over land than over ocean. Higher values of diurnal amplitudes
are seen over some of the regions over South America and
South Africa, where convection is intense during the austral
summer season (DJF). These observations are consistent with
other studies which have shown the diurnal variations in the
upper and middle tropospheric humidity using infrared mea-
surements [Soden, 2000; Tian et al., 2004; Chung et al.,
2007]. The diurnal amplitude a1 in channels 3 and 4 exceeds
3 K in convective regions over land. The oceanic regions show
a diurnal amplitude of the order of 1 K in channels 3 and 4.
The larger values of amplitude a1 in channel 4 as compared
to channel 3 over the Himalayan region can be attributed
to the differences in their sensitivity altitudes. Channel 4
has a peak sensitivity altitude matching the sensitivity alti-
tude of the Himalayan summit, which is around 8 km, while
channel 3 can partially detect the Himalayan surface with a
peak sensitivity altitude at 250 hPa. The amplitude a1 gets
larger whenever the sounding channels see the surface. This
can be corroborated if one looks at the diurnal amplitude a1
of channel 5 (row 5, Figure 4), which detects the lower tro-
pospheric humidity, and its diurnal amplitude is governed by
changes in the surface temperature. In contrast to channel 1
diurnal amplitudes, the differences in amplitudes a1 and a2
for channels 3 and 4 are not so distinct over land regions free
of convection. Over most of the oceanic regions, the diurnal
amplitudes a2 of channels 3 and 4 are either comparable to
or larger than that of a1. From Figure 4, it is evident that the
diurnal amplitude variation of humidity in the upper and mid-
dle troposphere is comparable both in terms of magnitude and
spatial features. The upper tropospheric humidity data avail-
able from microwave measurements thus must be corrected
for diurnal sampling bias, and other issues like clear-sky bias
and impact of ozone lines need also be taken into account
for understanding their trend [Buehler et al., 2008; John and
Buehler, 2004; Kottayil et al., 2012; John et al., 2011].
[23] The diurnal amplitude of channel 5, which is sensitive to

lower tropospheric humidity variations, shows patterns slightly
reminiscent of channels 1 and 2 but with different magnitudes.
This is partly because in very dry regions (southwest of North
America, Sahara, Gobi desert), channel 5 can detect the sur-
face. In moister regions, it generally detects lower tropospheric
humidity and therefore differs from surface channels.

4.2. Diurnal Peak Time

[24] Diurnal peak time determined for channels 1 to 5 for
the season DJF is shown in Figure 5. Our definitions for the
diurnal peak time are different for surface and humidity chan-
nels. This is because channels 1 and 2 are surface channels,

and an increase/decrease in the surface temperature would
have a similar effect on channel measurements under clear-
sky conditions. However, for channels 3–5, the brightness
temperature measurements are inversely related to relative
humidity variations, i.e., higher humidity corresponds to a
lower brightness temperature and vice versa. Therefore, for
channels 1 and 2, diurnal peak time refers to the time
corresponding to maximum brightness temperature inferred
from diurnal fit. For channels 3–5, the peak time corresponds
to the minimum brightness temperature inferred from diurnal
fit or to the maximum humidity value.
[25] Diurnal peak times for channels 1 and 2 over land

regions occur shortly after noon in local time (12.00 P.M.).
This result is consistent considering that the maximum land
temperature due to solar heating occurs in the early after-
noon. The early morning peak time shown over most of
the regions over Southeast Atlantic and Southeast Pacific
coincides with the diurnal peak time of the marine stratocu-
mulus clouds [Rozendaal et al., 1995; Wood et al., 2002].
Most of the land regions show a diurnal peak time in the
early morning for channels 3 and 4, and this result is consis-
tent with other studies which have shown an early morning
peak time for upper and middle tropospheric humidity over
land regions [Chung et al., 2007]. An early morning peak
time for channel 3 is exhibited by 40% of oceanic regions
within the tropics (30�N–30�S), while it is 20% for channel
4. Diurnal peak time over most of the regions for channel 5
occurs in the early morning. This is due to the surface RH
values reaching their peak before sunrise and falling as the
surface warms. Since this channel is sensitive to RH varia-
tions in the lower troposphere, the peak time will coincide
with the peak time of surface RH value. In dry areas, the sur-
face is coldest in the early morning, and this is well moni-
tored by channel 5.

4.3. Seasonal Modulation of Diurnal Amplitudes

[26] Figure 6 shows the zonal average of the diurnal
amplitudes a1 and a2 over the months for channels 1 to 5
over land. The first and second rows of the figure show diur-
nal amplitudes for channels 1 and 2, respectively. It is clear
from the figure that for channels 1 and 2, amplitude a1 is
much larger than a2. A seasonal shift in the diurnal ampli-
tude a1 associated with the movement of Intertropical Con-
vergence Zone (ITCZ) is seen. In the Southern Hemisphere,
the diurnal amplitude a1 is maximum during austral summer
season and reaches a minimum during austral winter. Simi-
larly for the Northern Hemisphere, the amplitude a1 reaches
its peak value during boreal summer and a minimum in bo-
real winter. This seasonal variation is not so apparent for di-
urnal amplitude a2. Diurnal amplitude variations with season
for channels 3 and 4 are shown in the third and fourth rows
of Figure 6. The spatial amplitude variations are almost sim-
ilar for both channels 3 and 4. Here too, a seasonal shift in
the amplitude is visible for a1. Higher a1 values for channels
3 and 4 are observed especially in convective regions lying
close to the 30�S latitude band during the austral summer
season. This holds also but to a lesser extent for the convec-
tive regions in northern equatorial latitudes during the boreal
summer season. Such a seasonal variation is not very obvi-
ous in a2 for channels 3 and 4. The higher values of ampli-
tude observed at higher latitudes cannot be considered as
the real diurnal amplitudes of upper and lower tropospheric
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Figure 5. Diurnal peak time for channels 1–5 for the season DJF. The unit is in hours. White regions in
the figure indicate areas with SNR ≤ 1 of amplitudes a1 or a2. For channels 3–5, the diurnal peak time is
the time corresponding to the maximum humidity value.
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humidity due to dry atmospheric conditions prevailing in
those regions. Dry atmospheres shift the sensitivity altitude
of humidity channels to the surface. Unlike the observations
from upper and middle tropospheric channels, no inference
on seasonal variation can be made from channel 5 diurnal
amplitudes.
[27] The zonal averages of diurnal amplitudes of oceanic

regions are represented in Figure 7. The first and second
rows of the figure show diurnal amplitudes of channels 1
and 2, respectively. Over the tropical oceans, the magnitudes
of a1 and a2 are comparable for both the channels. The diur-
nal cycle amplitude of sea surface temperature is well below

1 K [Kennedy et al., 2007], and observations greater than
1 K shown over tropical oceanic regions are due to the pres-
ence of low-level clouds as explained earlier in section 4.1.
For channels 1 and 2, a seasonal variation in the diurnal
amplitudes is seen over the Southern Ocean and to a lesser
extent over northern midlatitudes. The diurnal amplitudes
greater than 1 K shown over the Southern Ocean cannot be
entirely attributed to diurnal variations of sea surface tem-
perature [Kennedy et al., 2007]; rather, changes in the sea
surface emissivity could be a possible contributing factor.
The third, fourth, and fifth rows in the figure show the diur-
nal amplitudes of channels 3, 4, and 5, respectively. Overall,

Figure 6. Zonal average of the diurnal amplitudes a1 and a2 over the months for channels 1 to 5 for land.
The first to fifth rows represent diurnal amplitudes of channels 1 to 5. The unit is in Kelvin, and the white
areas represent data missing regions.
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for these humidity channels, there is little seasonal variation
in the diurnal amplitude. Moreover, a2 is dominant over a1
for a major part of the oceanic region. The diurnal ampli-
tudes of channels 3 and 4 often exceed 1 K over oceanic
regions for all months.

4.4. Impact of Diurnal Correction

[28] In order to demonstrate the impact of diurnal correc-
tion, we have applied this correction to the channel 1 bright-
ness temperature time series of NOAA-16 for its ascending
and descending orbits separately for tropical (30�N–30�S)
ocean and land regions. Brightness temperature time series
for both ascending and descending orbits were corrected to
14.00 and 02.00 h in local times respectively, which were

the equator crossing times when NOAA-16 was launched.
The brightness temperature biases required for correcting
the channel 1 brightness temperature were determined from
diurnal fits obtained from the Fourier analysis as described
in section 3. The tropical time series of channel 1 brightness
temperature before and after diurnal correction are shown in
Figure 8. The first column of the figure shows the tropical
time series over land and ocean for the ascending orbit.
The uncorrected ascending time series for channel 1 over
land regions shows a strong cooling trend with a magnitude
of �8.16 � 0.1078 K per decade. Note that the equator
crossing time of the ascending orbit of NOAA-16 was
14.00 local time on launch but had changed to 19.00 local
time by 2010. A strong diurnal cooling in the uncorrected

Figure 7. Same as Figure 6 but for ocean.

KOTTAYIL ET AL.: ORBITAL DRIFT CORRECTION

110



time series can be seen since 2006 where a notable drift in
NOAA had begun to occur (see Figure 1). After diurnal cor-
rection, the trend over tropical land region is found to have a
magnitude of only 0.32 � 0.096 K per decade. Over tropical
oceans, the differences in the linear trend shown for uncor-
rected and corrected time series is less distinct because the
diurnal amplitudes over oceanic regions are small (less than
1.5 K). The trend in the uncorrected time series for oceanic
regions is 0.6380� 0.0636 K per decade. This positive trend
shown over oceanic regions in the uncorrected time series is
due to the behavior of the diurnal cycle over this region. Due
to the presence of low level clouds, the diurnal cycle over
oceanic regions peaks in the early morning, and the diurnal
warming in the evening is aliased onto the long-term
records; this is captured clearly in the uncorrected time series
since 2006. After diurnal correction, the trend over oceanic
regions is only 0.19 � 0.0625 K per decade, which is less
than a third of the uncorrected trend.
[29] The second column of Figure 8 shows the tropical

time series over land and ocean for the descending orbit.
Over land, the uncorrected time series shows a cooling trend
in the order of�0.26� 0.0831 K per decade, which is due to
the orbital drift causing the equator crossing time of descend-
ing orbit to change from 2.00 h in local time at the time of
launch to 7.00 h in local time by the end of 2010. Subsequent
to orbital drift correction, the trend in the tropical time series
of the ascending orbit is found to be 0.6454 � 0.0768 K per
decade. However over ocean, the trend in the uncorrected
and corrected time series for the descending orbit does not
show significant differences, which are �0.0294 � 0.0632
and �0.0637 � 0.0628 K per decade, respectively. The dif-
ferences in the trends after diurnal correction shown for both
ascending and descending orbits do not come as a surprise
since the correction is for two different local times, at times
of day when the temperatures are at their maximum and min-
imum, respectively. Earlier studies as in Vose et al. [2005]
have also shown that the trends in the maximum and mini-
mum temperatures can be different. Moreover, the trends
are also different for land and ocean due to the differences
in diurnal cycle over these regions as pointed out earlier.
[30] We also investigate whether combining ascending

and descending time series could possibly nullify the effect
of diurnal cycle aliasing. For this purpose, we combined
the time series of both ascending and descending orbits of

NOAA-16 channel 1 brightness temperatures before and
after diurnal correction, and the resulting time series for
tropical land and ocean are shown in the third column of
Figure 8. The observed trend in channel 1 brightness temper-
ature for the combined uncorrected time series over land is
found to be �4.2083 � 0.0811 K per decade, which is one
half of the trend observed in the uncorrected ascending time
series. But combining corrected time series results in a trend
in the order of 0.4882� 0.0773 K per decade, which is close
to the corrected trend in ascending orbit over land. For trop-
ical ocean, the combined uncorrected time series has a trend
in the order of 0.3031 �0.0567 K per decade, which is again
a half of the trend observed in uncorrected ascending time
series. Furthermore, combining corrected time series over
ocean shows a trend of 0.0657 � 0.0560 K per decade,
which is within the uncertainty limit of the corrected trend
in ascending time series. These results reveal that combining
time series of ascending and descending orbits which are af-
fected by diurnal sampling bias does not completely elimi-
nate the spurious trend introduced in the time series. This
is due to the nonsinusoidal nature of the diurnal cycle ampli-
tude arising from a predominance of 12 h oscillations. On
the other hand, combining time series of ascending and des-
cending orbit eliminates to a large extent the 24 h compo-
nent of the diurnal cycle. This aspect has been addressed in
detail by John et al. (submitted manuscript, 2012b) in the
context of inter-satellite biases.
[31] The impact of diurnal correction on humidity channel

3 is analyzed using the ascending time series of NOAA-17
satellite. NOAA-17 is chosen here because of the longevity
of the humidity time series in comparison to the other satel-
lite data used in this study. Orbital drift is not so significant
for NOAA-17 in comparison to NOAA-16 as the former has
drifted approximately by only 1 h during the period 2003–
2010. The ascending times series of the humidity measure-
ments were corrected to 22 h in local time corresponding
to the initial equator crossing time of NOAA-17. The uncor-
rected and corrected trends in time series observed for chan-
nel 3 over tropical land are �0.1621 � 0.1702 and �0.3728
� 0.1695 K per decade, respectively, but over ocean these
values are �0.6062 � 0.0950 and 0.7259 � 0.0951 K per
decade, respectively. As expected, the trend differences be-
tween the corrected and uncorrected time series for channel
3 is not so significant due to a lesser orbital drift and smaller
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Figure 8. Tropical mean channel 1 brightness temperature times series and linear trends before (red
color) and after (blue color) diurnal correction for land and ocean. First column is for ascending orbit, sec-
ond column is for descending orbit, and third column is for the combined ascending and descending
orbits. A 30 day moving average is applied on time series for clarity.
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diurnal cycle amplitudes. This inference regarding the trends
has been made from a short time series of humidity measure-
ments, but a statistically significant trend can be borne out
only when analyzing long time series of humidity measure-
ments. A comprehensive analysis is needed to understand
the trends in humidity with a comparatively longer humidity
time series than considered in this study, which would be the
focus of our future studies.

5. Summary and Conclusions

[32] A long-termmonitoring of tropospheric humidity distri-
bution over the globe is crucial for predicting the climate
change in the wake of global warming. In this context, long-
termmicrowave measurements of tropospheric humidity avail-
able fromNOAApolar orbiting satellites play an important role
in identifying the trend in tropospheric humidity. However, the
measurements available from some of these NOAA satellites
are affected by diurnal sampling bias resulting from satellite
orbital drift. In this paper, we have applied a methodology
for detecting and thereby correcting the diurnal sampling bias
in NOAA satellite measurements. A diurnal cycle of satellite
measurements was generated by combining data corrected
for inter-satellite bias from different NOAA satellites and
MetOpA satellite over a period of 10 years using Fourier
analysis. A Monte Carlo error analysis has been performed
to assess the significance of the diurnal amplitudes. Diurnal
cycles were generated separately for all months for the five
microwave channels.
[33] An analysis of diurnal cycle amplitudes for surface

channels shows a clear land-sea contrast with the land regions
showing very high amplitudes often exceeding 10 K over dry
and convective regions. These channels also show a seasonal
variation in the diurnal amplitude. The humidity channels
sensitive to the upper and middle troposphere also show a
seasonal variation in the diurnal amplitude, which can exceed
3 K in highly convective land regions and comparatively
lower amplitudes over oceanic regions. For these channels,
the magnitude of the diurnal amplitudes in 24 and 12 h oscil-
lations are not so distinct. Over most of the oceanic regions
within the tropics, the amplitude of the 12 h oscillation is
either comparable to or greater than that of the 24 h oscillation.
The channel sensitive to lower tropospheric humidity does
not show a seasonal variation in the diurnal amplitude, and
the diurnal amplitude variation in this channel is governed
by changes in the surface temperatures and humidity. The
diurnal cycle necessitates adequate sampling requirements
for new satellite missions, and this should also be taken into
account for future model-data comparison [Buehler et al.,
2012, 2007; Eliasson, 2011]. The diurnal peak time for upper
and middle tropospheric humidity over land regions has an
early morning peak time, which is consistent with previous
studies made using infrared measurements.
[34] The impact of diurnal correction has been evaluated

by analyzing the channel 1 brightness temperature time series
of NOAA-16 and channel 3 brightness temperature time se-
ries of NOAA-17 satellites. The results show that for channel
1 the diurnal sampling bias correction has a large impact on
land regions due to high diurnal cycle amplitudes and a sig-
nificantly lower impact on oceanic regions. Also for channel
1, combining the ascending and descending time series prior
to diurnal sampling correction does not seem to completely

eliminate the spurious trend in time series, which is most likely
due to the predominance of the 12 h oscillations. The analysis
of channel 3 brightness temperature time series reveals no sig-
nificant difference in the trends in uncorrected and corrected
time series. An exhaustive analysis of humidity time series is
beyond the scope of our present study, but this would be taken
up as a follow-up study in our future works. The main motive
of this study was to correct the diurnal cycle aliasing in
AMSU-B and MHS satellite measurements. This study is
one of the major steps and a prerequisite towards generating
a homogenized humidity dataset for climate studies. However,
the diurnal cycle so derived can also be used for the evaluation
of the diurnal cycle of humidity in global climate models.
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Evaluating the diurnal cycle of upper tropospheric humidity in

two different climate models using satellite observations.

Ajil Kottayil1, Stefan A. Buehler1, Viju O. John2

Abstract. The diurnal cycle of upper tropospheric humidity (UTH) is known to be in-
fluenced by such processes as convection and the formation of clouds. These processes
need to be parameterized in global climate models. In this study, we evaluate the per-
formance of the climate models CAM-5 and GA-3 in simulating the diurnal cycle of UTH
by taking combined microwave measurements from four different polar orbiting satellites
as the reference. These comparisons were made over two convective land regions in South
America and Africa, and over oceanic regions, in the Atlantic, Indian and West Pacific
for the month of January, 2007. In addition to the comparison with microwave data, com-
parisons with the diurnal cycle generated from IR observations from METEOSAT were
done for the African and Atlantic regions. We analyzed how the diurnal cycles from IR
and microwave instruments differ, and the reason for these differences. The models ex-
hibit considerable discrepancies in diurnal amplitude and phase relative to the microwave
observations, and these discrepancies have different magnitudes over land and ocean. We
also confirm that the cloud sensitivity difference is the main reason for the observed dif-
ferences in the diurnal cycles of IR and microwave UTH.

1. Introduction

Climate models are the main tools for climate predictions,
so they need to take into account all relevant physical pro-
cesses. However, there are processes, e.g., those associated
with convection and the formation of clouds, that cannot be
resolved at the model grid cell resolution and that need to
be parameterized, introducing potential uncertainty. So, to
assess their reliability, models have to be validated against
observations. Simulations of diurnal variations of different
atmospheric variables, are one of the important checks of
the reliability of a model [Yang and Slingo, 2000].

The diurnal variation of upper tropospheric humidity
(UTH) is closely tied to convection and clouds [Soden,
2000, 2004], and the role of tropospheric humidity especially
UTH, as a positive feedback amplifying anthropogenic cli-
mate change, is well established [Held and Soden, 2000]. So,
comparison of modelled with observed diurnal variation of
UTH can serve to check both the quality of parameteriza-
tion and the model’s climate feedbacks. UTH measurements
from radiosondes are sparse and their temporal sampling is
generally limited to two daily (00.00 and 12.00 UTC) sound-
ings restricting their use for the study of diurnal variation of
UTH. Moreover, the reliability of UTH measurements from
radiosondes remains questionable and thus data need to be
corrected [Miloshevich et al., 2009; Kottayil et al., 2012].
However, a global picture of the UTH distribution and its
diurnal variation can ideally be obtained from satellite mea-
surements from the infrared and microwave spectral ranges
[Soden and Bretherton, 1996; Buehler et al., 2008].

The UTH mean state in climate models on monthly and
seasonal time scales has already been validated against satel-
lite observations in other studies. It was found that models
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exhibit regional moist and dry biases relative to the obser-
vations [John and Soden, 2007; Iacono et al., 2003; Allan
et al., 2003; Gettelman et al., 2006; Spangenberg et al., 1997].
However,there are relatively few studies which validate the
simulation of the diurnal cycle of UTH in models using ob-
servations and all of these studies use infrared observations
[Slingo et al., 2004;MacKenzie et al., 2012; Tian et al., 2004;
Zhang et al., 2008].

In this study, we evaluate the simulation of UTH in
the Community Atmospheric Model (CAM) and Met Of-
fice Hadley Centre GA-3 climate models using diurnal cy-
cles constructed from infrared (IR) and microwave satellite
measurements. The validation of the diurnal cycle is per-
formed over selected land and oceanic regions in the tropics
for the month of January. The diurnal cycles of UTH from
IR have been generated from METEOSAT satellite obser-
vations and those of microwave observations have been gen-
erated by combining data from four different polar orbiting
satellites. Besides validating the climate models’ diurnal cy-
cles, this study investigates how the diurnal cycles from IR
and microwave data differ from each other and the possible
reasons for the differences.

Section 2 provides the details of the satellite data and
the climate models used in this study; section 3 covers the
methodology and section 4 presents the results and discus-
sion. Section 5 presents the conclusions.

2. Satellite data and models

2.1. Satellite data

The microwave data used in this study are from the po-
lar orbiting National Oceanic and Atmospheric Administra-
tion (NOAA) 16, 17, 18 and METOP-A satellites for the
year 2007. NOAA 15 data were not used because of large
scan-asymmetry affecting its channels [Buehler et al., 2005;
John et al., 2013]. The microwave humidity sounding in-
struments on board NOAA and METOP satellites are the
Advanced Microwave Sounding Unit (AMSU-B) and the Mi-
crowave Humidity Sounder (MHS). Both these instruments
are cross track scanning instruments scanning at angles of
±49.8◦ with respect to nadir. The AMSU-B and MHS in-
struments have three tropospheric humidity sounding chan-
nels with a central frequency of 183.31 GHz. The passbands

1
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of these channels are centred at 183.31±1.00, 183.31±3.00,
and 183.31±7.00 GHz (183.31 + 7.00 GHz for MHS), sens-
ing the humidity variations in the upper, middle and lower
troposphere, respectively. We will henceforth refer to these
as channel 1, channel 2 and channel 3, respectively.

The NOAA and METOP-A satellites also have 20 channel
High Resolution Infrared Sounder (HIRS) which can provide
simultaneous measurements of atmospheric humidity and
temperature distribution along with the microwave measure-
ments. The scanning pattern and the spectral character-
istics of these sensors can be found in http://www.ncdc.
noaa.gov/oa/pod-guide/ncdc/docs/klm/index.htm. In
this paper, we have used two HIRS channels which monitor
UTH (channel 12; Tb12 (6.5 μm)) and surface temperature
(channel 8 ; Tb8 (11.1 μm )).

We have also used the UTH dataset available from ME-
TEOSAT covering the tropical Atlantic Ocean and the
African continent over the period 1983–2005 for the con-
struction of the diurnal cycle from IR. The data are avail-
able with a horizontal resolution of 0.625◦× 0.625◦ and a
temporal resolution of 3 hours for 8 different UTC times
in a day. The METEOSAT UTH is retrieved from the 6.3
μm water vapor absorption band and the method used ob-
tain water vapour dataset is described in Brogniez et al.
[2006]. This dataset is obtained from http://climserv.
ipsl.polytechnique.fr/.

2.2. Climate models

The simulation of the UTH diurnal cycle has been evalu-
ated for two climate models for the month of January, 2007.
The first one is the National Center for Atmospheric Re-
search (NCAR) Community Atmospheric Model version 5
(CAM-5). The model output is available at a horizontal
resolution of 1.9◦× 2.5◦ on 30 levels. Version 5 of CAM has
several updated physics components with respect to cloud
and convection and more details can be found in Gettelman
et al. [2008, 2010] and Neale et al. [2008].

We also used outputs of Global Atmosphere 3.0 (GA-3): a
configuration of the Met Office Unified Model (MetUM) de-
veloped for use across climate research and weather predic-
tion activities. A detailed description of the GA-3 configura-
tion is given in Walters et al. [2011]. The model outputs are
on a 1.875×1.25 ◦ longitude-latitude grid and on 85 levels.
Simulations from both models use the same sea surface tem-
peratures, sea ice fractions, CO2 concentrations and other
external forcings as the Atmospheric Model Intercomparison
Project (AMIP) framework of the Coupled Model Intercom-
parison Project phase 5 (CMIP5, Taylor et al. [2012]). The
model outputs were stored every 3 hours.

3. Methodology

The diurnal variation of UTH from models and observa-
tions was evaluated in the regions marked within black bor-
dered boxes in Figure 1. The infrared data were available
only for regions A-2 and A-3, so the other regions use only
microwave data. The red bordered region is a calibration
region with only minimal diurnal variation. Geographical
locations of the marked regions in Figure 1 are summarized
in Table 1.

3.1. Diurnal cycle from microwave measurements

The channel 1 brightness temperatures which depend on
UTH variations, from each of the four polar orbiting satel-
lites, were filtered for any impact of cloud as described in
Buehler et al. [2007]. This cloud filter is based on the dif-
ference between channel 3 and channel 1 brightness temper-
atures and a threshold value based on the viewing angle of

the satellite, which is provided in Buehler et al. [2007]. The
cloud filtered channel 1 brightness temperatures were con-
verted into UTH by the method described in Buehler and
John [2005] using the equation,

UTH = exp(a× Tb + b) (1)

The coefficients a and b are determined using linear re-
gression separately for all the viewing angles of the satellites
and are given in Buehler and John [2005]. It was shown in
John et al. [2006] that using the coefficients for each view-
ing angle was sufficient to avoid the need for limb correction
of the brightness temperatures. The daily UTH so obtained
from each of the satellites for the month of January 2007 was
gridded on to a 2.5◦× 2.5◦ latitude longitude grid separately
for ascending and descending orbits. The gridded measure-
ments from all the polar orbiting satellites were combined
to create the diurnal cycle of UTH from microwave mea-
surements for the month of January. The method used to
combine the data is described in detail in Kottayil et al.
[2013].

Prior to the construction of the diurnal cycles, inter-
satellite biases were determined from one of the descend-
ing regions lying in the South East Pacific (C-1) which is
shown within the red bordered box in Figure 1. The biases
were determined by taking the METOP-A satellite as the
reference. The diurnal amplitudes of UTH are very small
over the descending regions in comparison to other regions.
Therefore, the differences in the UTH from different satel-
lites can be assumed as arising from the inter-satellite bias.
The inter-satellite bias of a particular satellite with respect
to METOP-A is calculated as the difference between the
monthly mean of the combined ascending and descending
UTH values of METOP-A and that of the particular polar
orbiting satellite. For ease of representation, this diurnal
cycle will henceforth be termed as microwave diurnal cycle
(MDC).

3.2. Diurnal cycle from IR measurements

The UTH product from METEOSAT-5 is available at 3
hour temporal resolution for all the Januaries for the period
1983–2005, and has been used for the construction of UTH
diurnal cycles from the infrared. The diurnal cycles from mi-
crowave and IR observations are in each case approximated
by using a second order Fourier series given as,

UTH(t) = a0 + a1cos
π(t− t1)

12
+ a2cos

2π(t− t2)

12
(2)

where t is the observational local time in hours, a0 is the
mean value of Tb, a1 is the amplitude of the 24 hourly os-
cillation, a2 is amplitude of the 12 hourly oscillation and t1
and t2 are phases of the 24 and 12 hourly oscillations, respec-
tively. The diurnal amplitudes and phases are determined
as described in Kottayil et al. [2013].

3.3. Diurnal cycle from models

The channel 1 microwave brightness temperatures from
models were simulated for the METOP-A satellite using
the RTTOV V9.3 radiative transfer code, a component
of the Cloud Feedback Model Inter-comparison Project
(CFMIP) Observation Simulator Package (COSP) [Bodas-
Salcedo et al., 2011]. The brightness temperatures were sim-
ulated for each model grid box with inputs of temperature
and water vapor profiles and surface parameters from the
model and an external input of ozone from the TOMS Ozone
climatology provided for every 10◦ latitude band separately
for every month. All the simulations were performed for the
nadir viewing geometry. The brightness temperatures were
converted into UTH using Equation 1 by applying the re-
gression coefficients for nadir. The diurnal cycles of UTH
from the models have been approximated using a second
order Fourier series as in Equation 2.
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4. Results and Discussion

Here we present the evaluation of the diurnal cycle of
UTH in climate models using satellite observations. The re-
sults are evaluated in terms of diurnal UTH range (DUR)
from maximum to minimum and of the local times of maxi-
mum and minimum UTH. We also analyze how the diurnal
cycles generated from IR observations differ from those from
microwave observations and suggest a plausible reason.

4.1. Differences between IR and microwave diurnal
cycle

We expect some systematic differences in the diurnal cy-
cle from microwave, IR and models, because they are influ-
enced differently by clouds. Notably, the stronger suscepti-
bility to clouds of the IR data relative to the microwave data
can be expected to lead to a phase difference in the diurnal
cycle. For the model data, the same effect can be taken into
account to some extent by applying a cloud fraction filter.

To study the effect of clouds on IR data, an IR like diurnal
cycle of UTH from microwave observations was constructed
following the approach described in John et al. [2011]. Fol-
lowing this approach, those microwave measurements are ex-
cluded whose corresponding collocated IR measurements are
cloudy. The collocations were performed using the method
described in Holl et al. [2010]. The IR measurements collo-
cated with microwave are treated as cloudy if the differences
between Tb12 and Tb8 are less than 25 K [Soden, 2000].
The microwave observations sampled in this way were con-
verted into UTH (section 3.1) values which were then used
to construct the diurnal cycle so as to mimic the clear sky
only samplings of IR. This IR sampled diurnal cycle of mi-
crowave will be referred to as MDCIR. The advantage of
sub-sampling microwave data to mimic IR sampling is that
it prevents errors that could arise from differences, for ex-
ample, in vertical sampling of the instruments as described
in John et al. [2011].

Figures 2 a and b compare MDC and MDCIR for the re-
gion A-3. A lag of 1.65 h in the diurnal minimum in MDCIR

with respect to MDC is seen, with a corresponding lag of 3.0
h in the true IR diurnal cycle relative to microwave (Figure
2 b). This result can be attributed to delayed, slightly am-
plified diurnal cycles in the drier areas preferentially sam-
pled by IR observations. The relatively higher lag shown
by IR diurnal cycle than the MDCIR could be due to the
cloud clearance differences in METEOSAT data [Brogniez
et al., 2006] from the simple threshold approach that we
have adopted for MDCIR. This shows that the cloud sensi-
tivity difference in IR and microwave will result in a signif-
icant difference in the diurnal UTH minimum value. This
phase shift in MDCIR can also be seen for the other regions
considered in the study. We have quantified the phase shifts
over all the regions considered in the study and the results
are tabulated in Table 2. In A-1, the lag is around 1.2 h, in
A-2 it is 1.15 h and in A-4 and A-5, this is around 0.1 h.

Concerning the diurnal UTH range (DUR), the differ-
ences between MDC and MDCIR are only small, and do not
fully explain the larger DUR in real IR data. This therefore
may also have other reasons, for example, the slightly differ-
ent vertical sampling and may also partially arise from the
differences in the retrieval of UTH from IR and microwave.

Microwave UTH measurements are affected only by thick
clouds, so the cloud filtering method as described in section
3.1 excludes only a small percentage of the data [John et al.,
2011]. Also, differences in the diurnal cycle amplitude and
phase constructed using microwave data filtered for thick
clouds and without any filtering are very small. For exam-
ple, over tropical land the relative differences in amplitudes
a1 and a2 is only 3 %RH without any significant differences

in the phase. This justifies the extraction of all the simulated
data from the models for the construction of diurnal cycle
of UTH in order to compare with microwave measurements.
But the model data comparison with IR UTH measurements
is usually done by filtering the data based on modelled upper
tropospheric cloud fraction [Iacono et al., 2003; Allan et al.,
2003] to ensure a more or less similar comparison with IR.
Therefore, the behavior of the diurnal cycle from the mod-
els filtered for different threshold values of cloud fraction is
worth investigating. This will also give an insight into the
optimum value of the cloud fraction threshold for comparing
the diurnal cycle of UTH from models with IR observations.

We constructed the diurnal cycle of UTH from the CAM-5
model by filtering the data for three different values of aver-
age upper tropospheric cloud fraction (100-500 hPa). These
threshold values are 0.4, 0.6 and 0.8, and the model data ex-
ceeding these thresholds are excluded from the construction
of the diurnal cycle. This analysis was done over the region
A-3 and the result is shown in Figure 2 c. In the figure the
diurnal cycle generated without any filtering is also shown.
It is seen that the diurnal cycle in UTH filtered for cloud
fraction 0.8 shows a shift in the diurnal phase of UTH with
respect to the unfiltered diurnal cycle by almost the same
magnitude as shown by MDCIR. However, the diurnal cycle
generated with a cloud fraction of 0.4, a typical threshold
value used in model and IR UTH comparisons, shows a lag
of more than 4 hours in the diurnal minimum and maxi-
mum with respect to the diurnal cycle created without any
filtering.

We have also tried to deduce the cloud fraction thresholds
from the CAM-5 model for the phase shifts between MDC
and MDCIR over the other study regions. The main aim
was to derive an optimum value of cloud fraction thresh-
old for model and IR data comparisons. The results are
presented in Table 2. The results do not suggest any kind
of relationship between the measured lag and the modelled
cloud fraction threshold. These modelled cloud fraction val-
ues are seen to vary from region to region, ranging from 0.52
in A-2 to 0.98 in A-4. Perhaps, the cloud fraction thresh-
old is a region dependent quantity. It is therefore evident
that, choosing a right threshold for the upper tropospheric
cloud fraction is crucial when data are filtered. However,
this could be a model dependent factor but is worth looking
into before choosing a cloud fraction threshold.

4.2. Diurnal cycle in models and observations

To compare with microwave observations, the diurnal cy-
cle from model data were generated without any filtering
based on cloud fraction due to the reason mentioned in sec-
tion 4.1. The diurnal cycles of UTH from models and obser-
vations over the land regions in South America (A-1) and
Africa (A-3) in January 2007 are shown in Figure 3. These
are the convective regions occurring over land during the
month of January. Over South America, the diurnal ampli-
tude from microwave observation shows a DUR of 4.5 %RH
while the models show a significant difference in the DUR
with respect to the microwave observations. When com-
pared to microwave, the GA-3 model overpredicts the DUR
with 7.5 %RH whilst the CAM-5 model underpredicts the
DUR with 2 %RH. The diurnal maximum and minimum
UTH in the microwave diurnal cycle are approximately 2 h
local time (LT) and 14 LT, respectively. The models how-
ever exhibit different local times for UTH diurnal maximum
and minimum. The diurnal maximum in the CAM-5 model
lags by 3.00 h and the minimum lags by 5.00 h with respect
to the microwave diurnal cycle with respective local times
of nearly 5 LT and 19 LT. On the other hand, the UTH
maximum of the GA-3 model leads the microwave diurnal
cycle by 6.00 h and the diurnal minimum of the GA-3 leads
by 5.00 h.
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Over Africa, the DUR of microwave observation shows
3.5 %RH. The diurnal maximum in microwave occurs at the
same local times as in region A-1 but the minimum occurs at
around 16 LT. The magnitude of DUR in models is almost
the same as region A-1. The diurnal maximum and mini-
mum in the GA-3 model occurs at 22 LT and 10 LT while
in the CAM-5 model, the diurnal maximum and minimum
are at 5 and 18 LT. The DUR from IR observation (6 %RH)
in A-3 is higher than that of the microwave observations.
The IR diurnal cycle shows a lag of approximately 3.00 h in
the diurnal minimum relative to the microwave observations
which is due to the different sampling as described in section
4.1.

Figure 4 shows the diurnal cycle of UTH from the models
and observations for the selected convective oceanic regions.
The diurnal cycle from the microwave observations shows a
DUR of 2 %RH over all the oceanic regions. The diurnal
maximum in UTH of microwave observation occurs at 2 LT
except over the region A-5 where it occurs at 22 LT. The
diurnal minimum in UTH of microwave occurs at the same
local time (14 LT) over all the oceanic regions. A phase shift
of approximately 3.5 h is observed in the minimum of the
IR diurnal cycle relative to the microwave observations over
the Atlantic with a comparatively larger value of DUR (3
%RH).

The CAM-5 model shows a DUR of 1.5 %RH in the At-
lantic (A-2) and the Indian (A-4) ocean and 2 %RH over
the West Pacific (A-5). A lag in the diurnal maximum and
minimum of varying magnitudes is observed in the CAM-5
model with respect to the microwave observations. The di-
urnal maximum in the CAM-5 model in A-2, A-4 and A-5
occurs at 5 LT, 4 LT and 6 LT , whereas the corresponding
diurnal minimum occurs around 18 LT in all these regions.
The GA-3 model shows 0.8 %RH for DUR in A-2 and A-4
and a slightly higher value of 1.2 %RH in A-5. The diurnal
maximum of UTH in GA-3 occurs nearly at 2 LT for all the
regions which is in agreement with the microwave diurnal
maximum in regions A-2 and A-4. The diurnal minimum in
GA-3 occurs at 17 LT, 10 LT and 11 LT in A-2, A-4 and
A-5 respectively.

On analyzing the model diurnal cycle of UTH over land
and ocean, it can be inferred that the DUR and the di-
urnal maximum and minimum in UTH differs from that
of the microwave observations. According to the observa-
tional studies so far, the diurnal cycle of UTH is regulated
by the diurnal cycle of cirrus anvil cloud which follows after
deep convective events [Soden, 2000; Tian et al., 2004]. It
is shown in Soden [2004] that the formation and the dissi-
pation of cirrus anvil cloud regulates the moistening of the
upper troposphere. Hence in the models, the diurnal cycle
of deep convective cloud and cirrus anvil cloud along with
UTH should be analyzed to gain a first hand understanding
of the differences from the observations [e.g., Zhang et al.,
2008].

It has been shown in Chung et al. [2007] that the diur-
nal maximum of UTH lags that of the high level cloud by
several hours. The high level clouds have been shown to
peak at 19:00 LT and 18:00 LT over the land and oceanic
regions considered in their study with corresponding UTH
maximum at 3:00 LT and 4:00 LT. Therefore, the lag in the
UTH maximum relative to the high level cloud is about 9.00
h over both land and ocean. To gain a preliminary under-
standing on the behavior of the high level clouds and UTH
in the models, the diurnal cycle of ice water path (IWP)
and UTH were analyzed over the same region (50◦W–50 ◦E;
30◦S–30◦N) considered in Chung et al. [2007]. The result is
shown in Figure 5. Over land, the GA-3 model shows nearly
the same peak time for IWP and UTH which is around 19
LT. This contradicts the observed lag of 9.00 h in the UTH
maximum relative to the high cloud maximum in the ob-
servations. However, in CAM-5, the lag in UTH relative
to IWP is close to 9.00 hours which is nearly in agreement

with the observations. An 11.00 h lag in the UTH against
IWP is observed in the GA-3 model over ocean as opposed
to the 9.00 h lag in the observations. However, in the CAM-
5 model, this lag is just about 4.00 h. This shows that,
most likely, the parameterization of cloud and convective
processes in the models may not be good enough to resolve
the evolution of humidity in the model grid cell following the
convective events. It has also been shown that large scale
advection [Pierrehumbert and Roca, 1998] can play a role
in the distribution of UTH but there are no studies as to
how it modulates the diurnal cycle of UTH. So, the role of
large scale advection in UTH diurnal cycle should be inves-
tigated. A detailed diagnosis of the underlying deficiencies
in the models’ diurnal cycle simulation is beyond the scope
of the present study.

5. Conclusions

We have evaluated the diurnal cycle of UTH in two cli-
mate models, CAM-5 and GA-3 using satellite microwave
and IR observations. The diurnal cycle in the models has
been evaluated for some of the convective tropical regions
over land and ocean for the month of January 2007. The
models show considerable differences in the diurnal ampli-
tude and phase of the UTH with respect to the microwave
observations over both land and oceanic regions. Over land,
the GA-3 model shows larger diurnal amplitude than the mi-
crowave observations whereas the CAM-5 model shows lower
amplitude. Over the oceanic regions, GA-3 shows smaller
amplitudes than the microwave observations whereas the
CAM-5 model amplitudes are comparable to the observa-
tions. The diurnal maximum and minimum are also in dis-
agreement with the observations. The differences are larger
over land with a maximum difference of 6.00 h in diurnal
maximum in GA-3 and a maximum difference of around
5.00 h in diurnal minimum in CAM-5.

The comparisons between the models and microwave ob-
servations over land show that the CAM-5 model is in better
agreement with the microwave observation in terms of the
diurnal amplitude and the diurnal maximum than the GA-
3 model. Over ocean, the diurnal maximum in the GA-3
model is in close agreement with the observations but the di-
urnal amplitude in CAM-5 model shows a better agreement
with the observations as compared to the GA-3 model.

Another important aspect which we investigate in the pa-
per is the cause for the difference in the diurnal cycles of IR
and microwave observations. We have demonstrated that
the cloud-driven differential sampling between IR and mi-
crowave can indeed shift the phase by 0.1 to 1.65 h in the
IR diurnal cycle. In addition, we have also shown that the
optimal cloud fraction criterion for IR samplings to be used
in the models can range between 0.52 to nearly one. A cloud
fraction threshold lying within the range of 0.3-0.4 typically
used in IR-model data comparison can overcorrect the prob-
lem. This study highlights the limitations of models in simu-
lating a correct diurnal cycle of UTH. The comparison with
observations could also assist in developing parameteriza-
tion schemes which will regulate the evolution of humidity
in models until full resolution of convection becomes the
norm.
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Figure 1. The mean UTH (%RH) values for the month of January 2007 from the CAM-5 model (see the
text for details). The black rectangles are the regions chosen for looking at the diurnal cycle of UTH from
models and observations. The red bordered rectangle is the region selected for calibrating the satellite
measurements from microwave data.

0 5 10 15 20
40

41

42

43

44

45

46
(a)

Local Time [hour]

U
TH

 [%
R

H
]

0 5 10 15 20
−4

−3

−2

−1

0

1

2

3

4

(b)

Local Time [hour]

U
TH

 [%
R

H
]

0 5 10 15 20
−4

−3

−2

−1

0

1

2

3

4

Local Time [hour]

U
TH

 [%
R

H
]

(c) cf−0.8
cf−0.6
cf−0.4

Figure 2. Left: The diurnal cycle of UTH generated from microwave measurements in January 2007
using microwave sampling (black) and IR sampling (red) for the region A-3. See text for more details.
Middle: The corresponding diurnal cycle fit, black line represents MDC and the red line is for MDCIR.
The red dashed line represents the diurnal cycle from real IR data (for Januaries 1983–2005). Right:
Diurnal cycle of UTH from CAM-5 model in January 2007 generated by filtering data for three different
upper tropospheric cloud fraction (cf) thresholds. The black curve represents the diurnal cycle generated
from all the simulated measurements.
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Figure 3. The diurnal cycle of UTH from the models and observations for land regions in January 2007
(Mean values are subtracted from UTH).
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Figure 4. Same as Figure 3 but for oceanic regions.
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Figure 5. Diurnal cycle of UTH and IWP in January 2007 from models. The solid green line represents
diurnal cycle of UTH from GA-3 and the green dashed line is the IWP. The solid blue line (dashed blue)
represents diurnal cycle of UTH (IWP) from the CAM-5 model.

Table 1. Geographical locations of the marked regions in Figure 1.

Region Location
South America (A-1) 40◦W–70 ◦W; 5◦–20◦S
Atlantic (A-2) 10◦W–40 ◦W; 0◦–10◦N
Africa (A-3) 10◦E–40 ◦E; 0◦–20◦S
Indian Ocean (A-4) 60◦E–90 ◦E; 0◦–15◦S
West Pacific (A-5) 110◦E–160 ◦E; 10◦N–10◦S
South East Pacific (C-1) 70◦W–120 ◦W; 15◦–30◦S

Table 2. UTH diurnal cycle lag due to cloudiness. Column2: Measured lag in the diurnal phase in MDCIR

relative to MDC for different study regions. Column3: Corresponding cloud fraction threshold required to show
the same lag in CAM-5 model.

Region Measured lag (h) Model cf threshold
A-1 1.2 0.72
A-2 1.15 0.52
A-3 1.65 0.78
A-4 0.1 0.98
A-5 0.1 0.76
Tropics (25◦S–25◦N) 1.55 0.56
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