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Abstract

We use multiple observations and climate model simulations to study upper tropo-
spheric humidity (UTH) in tropical descent regions. A satellite simulator is used to gen-
erate UTH from model fields to ensure a like-to-like comparison. We have shown that
HadGEM2 is generally able to reproduce the patterns and magnitude of UTH in these5

regions. In both models and observations, the major mode of UTH variability in these
regions is associated with El Nino and Southern Oscillation (ENSO); a negative UTH
anomaly is seen during El Nino years. There is no significant trend in UTH in these
regions, where even a small negative trend would lead to an important reduction of the
positive water vapour feedback on global warming.10

1 Introduction

Water vapour is one of the most important parameters controlling the weather and
climate of our planet. However, we still lack a precise knowledge of the amount of
water vapour in many parts of the atmosphere and a thorough understanding of the
mechanisms which control its distribution. Many of the key radiative and meteorological15

interactions of water vapour are controlled by relative rather than specific humidity (e.g.
Sherwood et al., 2010). Mid to upper tropospheric humidity is also linked to large scale
dynamics of the atmosphere.

The tropical descent or subsidence regions play a dominant part in cooling our planet
by emitting radiation back to space because of the dryness of the atmosphere and the20

absence of mid or high level clouds (Fasullo and Trenberth, 2012). In these regions,
changes in relative humidity have a major impact on the outgoing longwave radiation
(e.g. Roca et al., 2012). The concentration of water vapour in these regions is controlled
by large scale subsidence drying, lateral mixing which brings moist air from convective
regions, and net drying through condensation as the air passes through the colder25

extratropics (Pierrehumbert, 1998).
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A strong positive feedback on global warming will result from water vapour unless
relative humidity decreases rapidly as the climate warms (e.g. Allan, 2012). Increased
amounts of water vapour in the atmosphere in a warmer climate have many effects on
the hydrological cycle, for example extreme rainfall (Allan and Soden, 2008).

Current climate models have substantial biases in the representation of water vapour5

in the troposphere (e.g. Pierce et al., 2006; John and Soden, 2007). Compared to
Atmospheric Infrared Sounder (AIRS) and reanalysis humidity profiles, on average,
current climate models simulate a large moist bias in the free troposphere and the
bias varies significantly from one model to the next. In contrast, the response of water
vapour to a surface warming is shown to be remarkably consistent across models and10

uncorrelated to the bias in the mean state. The inter-tropical belt, including the tropics
and the subtropics, is the region responsible for most of the water vapour feedback
and where humidity departs most from saturation (Held and Soden, 2000). Models
show largest biases in these regions (e.g. Pierce et al., 2006). However, John and
Soden (2007) showed that these biases, while significant, have little direct impact on15

the model’s simulation of a robust positive water vapour feedback.
Lindzen et al. (2001) postulated that cloud micro/macro physical effects can cause

UTH to decrease significantly with warming. However, several studies disputed this
idea (e.g. Hartmann and Michelsen, 2002). Sherwood et al. (2010) pointed out that
Lindzen et al. (2001) tested their hypothesis in an atmosphere-only GCM, but in reality,20

the sea surface temperature (SST) in their study area (30◦ S–30◦ N; 130–170◦ E) is
coupled with ocean heat fluxes and warms under cloud free conditions. Sherwood
et al. (2010) also showed using coupled climate models that the correlations shown by
Lindzen et al. (2001) cannot give any insight into the water vapour feedback on climate.

Held and Soden (2006) suggested that a muted increase in precipitation (only about25

2 % compared to the 7 % increase in water vapour) will result in a slowing down of
overturning circulations in the atmosphere. However, Shi and Bates (2011) analysed
homogenised upper tropospheric water vapour radiances from the High-resolution In-
frared Sounder (HIRS) instrument. They examined trends in the number of grid points
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of high UTH (more than 30 % RH) and low UTH (less than 20 % RH) and found that
there are increasing trends in both cases, indicating enhanced convective activity in
the tropics. Sohn and Park (2010) have shown, using observed and reanalysed data,
that the strength of both Hadley and Walker circulations has intensified since 1979. To
corroborate this they used upper tropospheric humidity and total column water vapor5

and showed that the subsidence region has become drier because of the increased
sinking motion.

The objectives of this letter are to assess the patterns, magnitude and variability
of UTH in a current climate model used in the IPCC AR5 simulations and to check
whether observations or model produce any significant trends in UTH which would10

have a profound impact on water vapour feedback and thus on the magnitude of global
warming. We found that the model is able to reproduce observed UTH and neither
model nor observations show any significant trend in upper UTH in tropical descent
regions.

2 Data and method15

2.1 Satellite data

We use satellite data from two different instruments: one is HIRS which measures
upper tropospheric humidity using an infrared (IR) channel (at 6.7 µm) and the other
is the Advanced Microwave Sounding Unit (AMSU) which uses a microwave (MW)
channel (at 183.31±1.00 GHz). We will refer to these channels as microwave or infrared20

UTH channel. The HIRS data are restricted to clear-sky pixels and homogenised (Shi
and Bates, 2011): monthly gridded data were obtained from NOAA/NCDC. HIRS data
are used only for the time series analysis. We use them because of their long term
availability. In this study we used HIRS data for 1989–2008. The AMSU-B data were
quality controlled and bias corrected based on John et al. (2013a,b). AMSU-B data are25

used for 10 yr from 1999 to 2008.
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Microwave top of atmosphere radiance measurements are affected only by precip-
itating/deep convective clouds, and measurements contaminated by such clouds are
filtered out using a method described in Buehler et al. (2007). As cloudiness is corre-
lated with humidity, filtering out the cloudy/high humidity values could introduce a small
(2–3 % RH) dry bias in the observed UTH in convectively active areas (Buehler et al.,5

2008). However, for HIRS data cloud contamination is a severe problem. John et al.
(2011) have clearly demonstrated using microwave UTH data that clear-sky HIRS UTH
data suffer from a dry bias of up to 30 % RH or more in convective regions. They have
also shown that the clear-sky only sampling of HIRS can lead to biased estimates of
inter-annual variability and trend. Fortunately we largely avoid this problem because10

we focus on the descent regions where both IR and MW data are good and similarly
sampled. Note that we use HIRS data only in the time series analysis.

2.2 Estimation of UTH from measurements

The upper tropospheric humidity can be related to measurements by satellite radiome-
ter channels which are sensitive to the water vapour concentration in layers between15

approximately 500 and 200 hPa. As demonstrated by Soden and Bretherton (1996)
and Buehler and John (2005), the natural logarithm of a variable hereafter referred to
as UTH is linearly related to the radiance measured by a UTH channel:

ln(UTH) = a+b · TB (1)

where a and b are regression coefficients which were pre-defined using a diverse at-20

mospheric profile data set. TB is the UTH channel radiance expressed as an equivalent
black body brightness temperature. HIRS radiances were already limb corrected. Mi-
crowave UTH data need not be limb corrected as appropriate conversion coefficients
were used for each angle (John et al., 2006) and the data have been validated using
high quality radiosondes and satellite measurements (e.g. Milz et al., 2009; Moradi25

et al., 2010; Kottayil et al., 2012).
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2.3 UTH simulations from climate model

Our model data are from the atmospheric component of HadGEM2 (Collins et al., 2008)
forced with observed SST and sea ice using HadISST (Rayner et al., 2003) and with
natural and anthropogenic forcings. The use of observed sea surface temperature en-
sures that El Nino–Southern Oscillation (ENSO) activity, which has major effects on5

tropical tropospheric moisture, coincide in observations and model. To estimate UTH
from HadGEM2, we use the RTTOV radiative transfer model under the framework of
the CFMIP Observation Simulator Package (COSP; Bodas-Salcedo et al., 2011) to
compute the radiances which would be measured by the UTH channels for the model
atmosphere. These radiances are then converted to UTH using the same a and b10

parameters which were used to estimate observed UTH, to ensure a like-to-like com-
parison.

2.4 Methodology

Generally, analysis of ascent/descent regions is done using fixed areas (e.g. Sohn and
Park, 2010; Eliasson et al., 2011), but the accuracy of this approach is compromised15

by the seasonally varying inter-tropical convergence zone (ITCZ). Another way of sep-
arating ascent/descent regions is by using 500 hPa vertical velocity (e.g. Brogniez and
Pierrehumbert, 2007; John et al., 2009). We used the 500 hPa vertical velocity from the
ERA-Interim reanalysis to allocate observed UTH to descent regions. Modelled UTH
are classified using the model’s own vertical velocity. This has the advantage that any20

differences between model and observations originating from mismatches of dynamical
regimes are minimised (e.g. Brogniez and Pierrehumbert, 2007).

3 Results and discussion

Figure 1 shows modelled and observed descent region 10 yr (1999–2008) UTH cli-
matology for January (left panels) and July (right panels). The shift of the ITCZ from25
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Southern Hemisphere in January to Northern Hemisphere in July is evident in the UTH
climatology fields which reflect the large scale circulation dependence of the UTH dis-
tribution. Core subsidence regions show UTH climatology values of 20 % RH or less.
In general, HadGEM2 is very good in reproducing the observed patterns and magni-
tude of UTH in those regions, but there are some spatial mismatches and biases. For5

example, in the southern Indian Ocean during July, the model is wetter than observa-
tions. This may indicate a weak return flow of the monsoon circulation in the model.
HadGEM2 is known to have problems in simulating the monsoon rainfall (Collins et al.,
2008).

Figure 2 shows the frequency distributions of UTH in descent regions in AMSU-B10

data and in HadGEM-2. The distribution of UTH is not Gaussian, but it is closer to
a log-normal distribution (e.g. John et al., 2006; Sherwood et al., 2010). HadGEM2 has
a higher number of high UTH values which indicates that the model is unable to sim-
ulate some of the key circulation features such as monsoons as explained above. The
median of UTH in HadGEM2 simulation is 24.01 % RH and in AMSU-B it is 22.25 % RH.15

Figure 3 shows time-series of area-weighted average of UTH in tropical descent re-
gions for HadGEM2, AMSU-B, and also for HIRS. The inter-annual variability of simu-
lated and observed time series are very similar. Pronounced UTH negative anomalies
can be observed during the 91/92 (mainly in the model), 97/98, and 02/03 El Nino
events. McCarthy and Toumi (2004), using HIRS UTH data, have identified ENSO as20

the principal mode of inter-annual variability in global UTH, but no significant impact
on UTH averaged over the entire tropical zone (30◦ S–30◦ N). However, we found that
El Nino tends to reduce UTH in tropical descent regions. The AMSU-B and HIRS UTH
time series agree well (r = 0.83) over their common time period (1999–2008).

A small trend to lower UTH in the dry subsidence regions would have an impor-25

tant impact on OLR; weakening the water vapour positive feedback (e.g. Roca et al.,
2012). But neither the observations (0.00 % RH per decade for HIRS and −0.01 % RH
per decade for AMSU-B) nor the model (0.00 % RH per decade) show any statistically
significant trend for UTH in the descending region for the analysed time period. Sohn

10553

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/10547/2013/acpd-13-10547-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/10547/2013/acpd-13-10547-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 10547–10560, 2013

UTH in tropical
descent regions

V. O. John et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

and Park (2010) have reported a decreasing UTH trend over a fixed descending region
(150–195◦ E, 7.5–15◦ N) in a particular season (December–February), but the chosen
region was not explicitly defined by 500 hPa vertical velocity and may not have been
representative of tropical descent regions as a whole. Our definition using 500 hPa
vertical velocity is superior so long as the reanalysis vertical velocity fields are reliable.5

It is clear from the analysis that the model can reproduce the observed distribution
and variability of UTH in tropical descent regions. The model is also consistent in pro-
ducing no significant trend in UTH.

4 Conclusions

We have shown using infrared and microwave observations of UTH that the major10

mode of inter-annual variability of UTH in tropical descent regions is associated with El
Nino. The observations do not show a significant trend in UTH during 1988–2009 over
those regions. We also used the satellite simulator COSP to generate the radiances
which the UTH channel would have seen from the HadGEM2 model atmosphere, given
observed SSTs. This ensures a like-to-like comparison of observed and modelled UTH.15

We used reanalysis 500 hPa vertical velocity fields to define the descending areas in
observations and the model’s own vertical velocity to define its descending areas so
that errors owing to spatial mismatches are minimised in our analysis. This is impor-
tant for UTH analysis because UTH values are very much dependent on the dynamic
regime. The HadGEM2 SST forced run successfully reproduces the observed patterns20

and magnitude of UTH, as well as negative anomalies of UTH during El Nino years as
observed. And, like the observations, the model does not show any significant trend
in UTH over the analysed time period. Our analysis, however, pointed to a problem of
HadGEM2 in simulating monsoon circulation.

Acknowledgements. VOJ and DEP were supported by the DECC/Defra Met Office Hadley25
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Action ES604 – Water Vapor in the Climate System (WaVaCS). Thanks to Lisa Neclos of the
NOAA CLASS for AMSU-B and MHS Level-1b data, EUMETSAT NWP-SAF for the AAPP soft-
ware to process the data and RTTOV and NOAA/NCDC for HIRS data.
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Fig. 1. UTH (expressed as %RH) climatology for 1999–2008 of tropical descent regions for
January (left panels) and July (right panels). Top panels show HadGEM2 UTH and bottom
panels show observed (AMSU) UTH.

2.2 Estimation of UTH from measurements

The upper tropospheric humidity can be related to measurements by satellite radiome-
ter channels which are sensitive to the water vapour concentration in layers between
approximately 500 and 200 hPa. As demonstrated by Soden and Bretherton (1996)
and Buehler and John (2005), the natural logarithm of a variable hereafter referred to5

as UTH is linearly related to the radiance measured by a UTH channel:

ln(UTH) = a+b∗TB (1)

where a and b are regression coefficients which were pre-defined using a diverse at-
mospheric profile data set. TB is the UTH channel radiance expressed as an equivalent
black body brightness temperature. HIRS radiances were already limb corrected. Mi-10

crowave UTH data need not be limb corrected as appropriate conversion coefficients
5

Fig. 1. UTH (expressed as % RH) climatology for 1999–2008 of tropical descent regions for
January (left panels) and July (right panels). Top panels show HadGEM2 UTH and bottom
panels show observed (AMSU) UTH.
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Fig. 2. Frequency distributions of UTH for 1999-2008 in tropical descent regions for HadGEM2
(black curve) and AMSU-B (red curve).

tant impact on OLR; weakening the water vapour positive feedback (e.g., Roca et al.,
2012). But neither the observations (0.00 %RH per decade for HIRS and −0.01 %RH
per decade for AMSU-B) nor the model (0.00 %RH per decade) show any statistically
significant trend for UTH in the descending region for the analysed time period. Sohn
and Park (2010) have reported a decreasing UTH trend over a fixed descending region5

(150E–195E, 7.5N–15N) in a particular season (December–February), but the chosen
region was not explicitly defined by 500 hPa vertical velocity and may not have been
representative of tropical descent regions as a whole. Our definition using 500 hPa
vertical velocity is superior so long as the reanalysis vertical velocity fields are reliable.

It is clear from the analysis that the model can reproduce the observed distribution10

and variability of UTH in tropical descent regions. The model is also consistent in
producing no significant trend in UTH.

8

Fig. 2. Frequency distributions of UTH for 1999–2008 in tropical descent regions for HadGEM2
(black curve) and AMSU-B (red curve).

10559

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/10547/2013/acpd-13-10547-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/10547/2013/acpd-13-10547-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 10547–10560, 2013

UTH in tropical
descent regions

V. O. John et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

1992 1996 2000 2004 2008
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0

UT
H 

An
om

al
y 

[ %
 R

H 
]

HadGEM2
HIRS
AMSU-B

Fig. 3. Deseasonalised anomaly time series of tropical (30S–30N) descent region UTH ob-
served by HIRS and AMSU-B, and modelled by HadGEM2. Base time period used for calculat-
ing anomalies is 1999–2008. For clarity, each time series has been smoothed using a 3-month
running mean. Tick-marks on the x-axis denote January of the indicated years.

4 Conclusions

We have shown using infrared and microwave observations of UTH that the major
mode of inter-annual variability of UTH in tropical descent regions is associated with El
Nino. The observations do not show a significant trend in UTH during 1988-2009 over
those regions. We also used the satellite simulator COSP to generate the radiances5

which the UTH channel would have seen from the HadGEM2 model atmosphere, given
observed SSTs. This ensures a like-to-like comparison of observed and modelled UTH.
We used reanalysis 500 hPa vertical velocity fields to define the descending areas in
observations and the model’s own vertical velocity to define its descending areas so
that errors owing to spatial mismatches are minimised in our analysis. This is impor-10

tant for UTH analysis because UTH values are very much dependent on the dynamic
regime. The HadGEM2 SST forced run successfully reproduces the observed patterns
and magnitude of UTH, as well as negative anomalies of UTH during El Nino years as
observed. And, like the observations, the model does not show any significant trend

9

Fig. 3. Deseasonalised anomaly time series of tropical (30◦ S–30◦ N) descent region UTH ob-
served by HIRS and AMSU-B, and modelled by HadGEM2. Base time period used for calculat-
ing anomalies is 1999–2008. For clarity, each time series has been smoothed using a 3 month
running mean. Tick-marks on the x-axis denote January of the indicated years.
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