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[1] Simulations of radio occultation bending angle profiles
in transient climate experiments using a state-of-the-art
global coupled climate model show a clear signal in
bending angle emerging over the first half of the twenty-first
century. The bending angle signal can be related to the
predicted changes in the climate over this period in response
to increasing greenhouse gas concentrations and is shown to
be primarily a combination of three distinct effects: the
changing temperature structure of the atmosphere, increased
water vapor in the troposphere, and the expansion of the
atmosphere due to the warming. Analysis of the predicted
trends in the bending angle indicates that the climate change
signal in the tropical upper troposphere and lower and
middle stratosphere may become distinguishable from
natural variability, i.e. “detected”, after approximately ten
to sixteen years of measurements. This suggests that such
observations may be one of our best prospects for
monitoring the evolution of the climate over the coming
decades. Citation: Ringer, M. A., and S. B. Healy (2008),
Monitoring twenty-first century climate using GPS radio
occultation bending angles, Geophys. Res. Lett., 35, L05708,
doi:10.1029/2007GL032462.

1. Introduction

[2] Accurate, global, and stable long-term observations
are the key to understanding the changes in climate over the
coming decades predicted by the current generation of
global climate models (GCMs). These observations will
provide direct evidence of the climate’s evolution and will
also be essential to evaluate and refine the GCM predic-
tions. GPS radio occultation (RO) measurements possess
the necessary characteristics of such an observational re-
cord. In addition, their all-weather capability (the measure-
ment is unaffected by clouds, for example), self-calibration
(through their traceability to absolute standards) and high
vertical resolution mean that they should be capable of
providing a climate record that is free from many of the
problems associated with both satellite and conventional
measurements [Goody et al., 1998].

[3] The RO technique [e.g., Kursinski et al., 1997] is
based on the fact that the path of a radio signal propagating
between a GPS satellite and a receiver placed on a low earth
orbit (LEO) satellite is bent or refracted by the atmosphere.
The bending is caused by gradients in the refractive index of
the atmosphere, which in turn can be related to gradients in
the atmospheric density and water vapor. During an occul-
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tation event the motion of the satellites enables the variation
of ray bending as a function of minimum ray-height above
the surface to be determined. Fundamentally, the RO
technique is based on the precise measurement of time-
delays with atomic clocks. The bending angles are derived
from these delays. Bending angle profiles can then be
inverted to provide profiles of refractivity, and subsequently
pressure and temperature.

[4] The potential of RO measurements for both climate
monitoring and climate model evaluation was described by
Yuan et al. [1993] and Kursinski et al. [1997], who noted in
particular that RO observations should be able to provide
useful information relating to near-tropopause temperature
changes, humidity changes in the lower and middle tropo-
sphere, and the expansion of the troposphere due to global
warming.

[5s] Eyre [1994] outlined how RO data could be exploited
by a global numerical weather prediction (NWP) system
and concluded that direct assimilation of the bending angle
was preferable to using either refractivity profiles or retriev-
als of temperature and humidity. The benefits of assimilat-
ing bending angle measurements in an operational
framework have recently been demonstrated by Healy and
Thépaut [2006], who showed clear improvements in upper
tropospheric and lower stratospheric temperatures in experi-
ments using the ECMWF global forecasting system. An
important feature of the RO measurement is that it can be
assimilated without the need for bias correction. This
enhances their ability to correct model biases which are
otherwise difficult to rectify because other satellite data tend
to be bias corrected to the assimilating model [Healy and
Thépaut, 2006].

[6] Much work on the climate applications of RO data
has focussed on the use of retrieved parameters such as
temperature or geopotential heights for climate monitoring
[e.g., Gobiet et al., 2007; Leroy, 1997]. Recently Leroy et al.
[2006] have considered the use of “dry pressure”, which
can be derived from refractivity profiles, as a potential
climate monitoring parameter. However, these derived
quantities are more sensitive to structural uncertainty than
bending angles [von Engeln, 2006] because of the introduc-
tion of a priori information in the additional processing
steps [Eyre, 1987]. The more fundamental nature of the
bending angle measurement, together with its demonstrated
utility in the NWP context, suggests the use of the bending
angle profile itself as a climate variable. This study therefore
considers the use of the bending angle for climate monitor-
ing. By simulating bending angle profiles in a state-of-the-
art climate model we explore the climate signal over the
next half-century and the information content of this signal
in relation to changes in the atmosphere due to climate
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warming. We also estimate the time required to detect trends
in the bending angle over the coming decades.

2. Climate Model Simulations and Methodology

[7] To investigate the climate change signal over the
twenty-first century we use transient coupled model inte-
grations of the Hadley Centre Global Environmental Model
(HadGEM1) [Johns et al., 2006]. These follow the SRES
A1B scenario [Nakicenovic and Swart, 2000], which speci-
fies time-varying greenhouse gas and ozone concentrations,
acrosol emissions and land use changes over the period
2000-2100. Under this scenario the global mean tempera-
ture increase by 2050, relative to the 1961—-1990 mean, is
approximately 2 K, rising to around 3.6 K by 2100 [Stott et
al., 2006]. We also use a long control integration (employ-
ing fixed forcings) of HadGEM1 which has currently
completed almost 1300 years and a simulation over the
twentieth century which includes time varying forcings due
to volcanic aerosols and solar irradiance changes [Stott et
al., 2006].

[s] Bending angle profiles are calculated from monthly
mean fields of temperature, pressure and humidity. Thus, for
the A1B scenario integration, the profiles are calculated at
each grid point, for each month over the period 2000—2055.
Given the observed impact parameter, a, the bending angle,
a, can be written as [e.g., Kursinski et al., 1997]

r d(lnn)/a’xd
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a

(1)

where n is the refractive index and x = nr, with r the radius
value of a point on the ray path. The refractive index at
radio frequencies is derived from the climate model fields
using
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where N is the refractivity, P is the atmospheric pressure
(hPa), T is the temperature (K), P,, (hPa) is the water vapor
partial pressure and ¢; and ¢, are 77.6 K hPa~' and 3.73 x
10° K? hPa~' respectively. The bending angles are
calculated at a fixed set of 110 “impact heights” (defined
as the impact parameter minus the local radius of curvature,
with 2 km roughly corresponding to the surface), equally
spaced at 250 m intervals. This is comparable to the number
of impact heights used for assimilation of the data and
should be sufficient to demonstrate the information content
in the climate context. Full details of the calculation of
bending angle profiles from model fields are given by Healy
and Thépaut [2006].

[¢] The annual, zonal mean bending angle profile distri-
bution is shown in Figure la. The values correspond to
around 0.7—1.9 degrees at the surface, decreasing to around
102 degrees in the middle stratosphere. Positive values of
« indicate bending towards the Earth’s surface. The bending
angle profile depends on refractivity, which itself depends
on atmospheric density: thus from the mid-troposphere
upwards the primary dependence is on temperature and
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pressure, while in the lower troposphere water vapor also
makes a significant contribution.

3. Results

[10] Figures 1b—1f show the evolution of the climate
change signal in the zonal mean bending angle profiles from
the present-day through to the 2050s. The signal in the
tropical lower stratosphere emerges after a decade, is clearly
identifiable by the 2020s and continues to intensify through
to the 2050s. It is accompanied by a signal in the tropical
mid-stratosphere which, though weaker initially, is of com-
parable size by the 2050s. The signals at polar latitudes in
the mid-stratosphere are more variable over the first 20—
30 years and are not clearly established until the 2040s. In
the upper troposphere a signal of opposite sign emerges,
the upper boundary of which follows the zonal variation
of'the height of the tropopause: this delineates the warming of
the troposphere due to increased greenhouse gases from the
cooling of the stratosphere. In the lower troposphere the
increased water vapor as the climate warms dominates and
the bending angle signal is positive.

[11] Thus by the 2050s a clear signal in the bending
angle, with a well-defined geographical distribution, has
emerged. We next investigate the contributions to this signal
from the different effects associated with the changing
climate over this period. To do this we use the tangent
linear version [e.g., Hoffman et al., 1992] of the bending
angle forward model. The tangent linear allows us to
identify the contributions to the bending angle signal from
changes in temperature, pressure and humidity: it calculates
the change in the simulated bending angle values produced
by pressure, temperature and humidity perturbations for a
given linearization state.

[12] The decomposition of the 2050s minus 2000s bend-
ing angle differences is calculated with the tangent linear,
using the 2000s as the linearization state (Figure 2). As
expected, the contribution to the bending angle signal from
the humidity change (Figure 2a) is confined to the middle
and lower troposphere and is largest in tropics, where the
atmospheric water vapour abundance is greatest. The tem-
perature change contribution (Figure 2b) reflects the well-
known effect of tropospheric warming and stratospheric
cooling due to increasing greenhouse gas concentrations.
The basic features of the temperature trends in the present
simulations are consistent with the earlier Hadley Centre
model study of Butchart et al. [2000]. The warming is larger
in the upper troposphere than in the lower troposphere,
particularly in the tropics—a consequence of the moist
adiabatic lapse rate decreasing with the increasing temper-
atures. Also apparent is the amplification of the surface and
tropospheric warming at high latitudes in the Northern
Hemisphere. In the stratosphere it is the cooling which
increases with altitude: in the lower stratosphere the cooling
due to increased longwave emission is to a large degree
offset by increased absorption of upwelling longwave
radiation from the troposphere. Another feature of note is
the warming signal at polar latitudes in both hemispheres at
around 18 km. In the Southern Hemisphere this is partly due
to the recovery of stratospheric ozone under the prescribed
A1B scenario. A possible explanation for the remainder of
this signal (and that in the Northern Hemisphere) is dynam-
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