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2 Dipartimento di Fisica , Università di Bologna, Viale Berti Pichat 6/2, 40127 Bologna, Italy
*s.ceccherini@ifac.cnr.it

Abstract: The trend of stratospheric water vapor as a function of latitude
is estimated by the MIPAS measurements by means of a new method that
uses the measurement space solution. The method uses all the information
provided by the observations avoiding the artifacts introduced by the a
priori information and by the interpolation to different vertical grids. The
analysis provides very precise values of the trends that, however, are limited
by a relatively large systematic error induced by the radiometric calibration
error of the instrument. The results show in the five years from 2005 to
2009 a dependence on latitude of the stratospheric (from 37 to 53 km) water
vapor trend with a positive value of (0.41 ± 0.16)%yr−1 in the northern
hemisphere and less than 0.16%yr−1 in the southern hemisphere.
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1.

Introduction

Water vapor is the most important gaseous source of infrared opacity in the atmosphere, it
accounts for about 60% of the natural greenhouse effect for the clear skies [1], and provides the
largest positive feedback in model projections of climate change [2]. Therefore, water vapor
variability is an important issue in the discussion of global climate change [3] and in particular
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the variability of stratospheric water vapor has important radiative and chemical consequences
that impact the global surface climate change [4].
An increase of roughly 1% per year in stratospheric water vapor content has been observed
during the last half of the 20th century [5, 6], with a more convincingly documented increase
during the 1980s and most of the 1990s than earlier. However, an updated trend analysis [7]
of water vapor in the lower mid-latitude stratosphere from Boulder balloon measurements and
from HALOE (Halogen Occultation Experiment) [8] spaceborne observations provides trend
estimates for the period 1980-2000 that are up to 40% lower than previously reported.
Methane oxidation is a major source of water in stratosphere, and has been increasing over
the industrial period, however, the observed trend in stratospheric water vapor during the last
half of the 20th century is too large to be attributed to methane oxidation alone [5, 9].
The temperatures near the tropical tropopause should control the stratospheric water vapor
content according to the equilibrium thermodynamics, importing more water vapor into the
stratosphere when temperatures are warmer. However, tropical tropopause temperatures have
cooled slightly over the period of the stratospheric water vapor increase [10, 11]. Other mechanisms have been proposed to explain the increase of the stratospheric water vapor occurred in
the second half of 20th century, but so far the driving causes of this increase are unknown.
The upward trend of stratospheric water vapor decreased in the last half of the 1990s with
a near-zero trend between 1996 and 2000 [12, 13]. Furthermore, at the end of 2000 there was
a dramatic drop of about 10% of stratospheric water vapor [13]. The trend analysis reported
in [14] extends until spring 2008 and it shows that a minimum was approximately reached
between 2004 and 2006 and an increase is observed afterwards.
The drop in stratospheric water vapor that occurred at the end of 2000 is thought to have
slowed the rate of increase in global surface temperature over 2000-2009 by about 25% compared to that which would have occurred due only to carbon dioxide and other greenhouse
gases [4]. On the other hand the increase in stratospheric water vapor occurred between 1980
and 2000 would have enhanced the decadal rate of surface warming during the 1990s by about
30%. These considerations show that stratospheric water vapor is an important driver of decadal
global surface climate change and the accurate determination of its variability is, therefore, essential for interpreting global changes and for making reliable future projections.
Trend determination must avoid biases due to the systematic errors of the measurement technique and to time and geographical natural variability.
In this paper we make an estimation of the trend of stratospheric water vapor as a function
of latitude in the five years from 2005 to 2009 using an homogeneous set of measurements
acquired by the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) onboard
the ENVISAT satellite [15], and discuss all the precautions taken to either avoid or correct for
possible biases. Five years is a short time for the determination of a trend, but it provides a
valuable example of the data processing that could be used for an accurate determination of
the variability of the atmospheric parameters in view of an early detection of the on going
processes.
The use of measurements performed by a satellite instrument to derive the trend values has
the advantage to exploit a set of internally consistent measurements with global coverage for
several years. However, since the remote sensing measurements do not directly observe the
quantity of which we estimate the trend, the procedure used for the retrieval must be critically
analyzed and some attention has to be paid to the analysis of the quantities retrieved from the
observations. Indeed, when the vertical profile of an atmospheric constituent is retrieved from
remote sensing measurements the retrieved profile is related to the true profile by a relationship that depends on the a priori information (including regularization constraints) [16] used to
make the retrieval well-conditioned. The relationship between the retrieved and the true profile
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is described by means of the averaging kernels, which, if they change from measurement to
measurement, can introduce an artificial variability in the data and affect the trend determination. Indeed, if the averaging kernels change it means that we are analyzing the time dependence
of a parameter that does not represent always the same physical quantity, and the variability that
we observe can be due to the fact that we are measuring different quantities at different times.
The use of retrieved profiles to estimate trends poses also the problem that the vertical retrieval grid can be different for different measurements and, therefore, an interpolation to a
common grid of all the measurements is needed. This interpolation to a common vertical grid
determines always a loss of information [17] that degrades the quality of the data.
In order to avoid the problems posed by the a priori information and by the interpolation on
a common grid, we use the approach of the measurement space solution (MSS) [18–20], which
also makes sure that all the information provided by the observations is exploited. Indeed the
MSS approach has the advantage that the solution can be represented on a vertical grid as fine
as desirable without relying on any a priori information.
Using the MSS approach we estimate the stratospheric water vapor trend and the seasonal
variability as a function of latitude and for all the globe with an analysis of all the error components.
In Section 2 we describe the mathematical formalism for the estimation of the trends. Firstly
we discuss the method that should be adopted when using the retrieved vertical profiles of water
vapor and then we describe the MSS approach that is used in this paper. In Section 3 we apply
the MSS approach to the MIPAS measurements and describe the results. Finally in Section 4
we draw the conclusions.
2.
2.1.

Theory
Definition of the problem

We represent the vertical profile of an atmospheric variable with a column vector x of n elements
corresponding to a vertical (in altitude or pressure) grid fine enough to represent adequately
the altitude dependence of the variable. In this paper we consider the estimation of trends of
concentrations of water vapor and, therefore, the elements of the profile x represent volume
mixing ratios (VMRs) of water vapor, however, the same method can be used to estimate trends
of any atmospheric variable. In general, the variable c(t) (depending on time) of which we wish
to estimate the trend is a linear function of the vertical profile x which can be represented by
means of a dot product between a vector w and x:
c(t) = wT x(t),

(1)

where the superscript T denotes the transposition operation. The vector w defines the vertical
range to which the parameter c(t) refers and generally is a peaked function of altitude satisfying
the normalization condition
n

∑ wi = 1.

(2)

i=1

In this case we can interpret c(t) as the value of VMR at the altitude of the maximum of w
with a vertical resolution given by the width of the peak. Larger widths of the peak correspond
to smaller measurement errors of the parameter c(t), therefore, the width of the peak has to be
selected on the basis of the trade off between vertical resolution and precision.
In case that we are interested in the vertical column, we take the ith element of w, wi , equal
to the air column in the ith layer.
The problem that we face is the estimation of the parameter c(t) as a function of time.
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2.2.

Estimation of the parameter c(t) from a retrieved profile

In this subsection we establish the formalism for the estimation of the parameter c(t) from a
retrieved profile. While this approach is not used in this paper, it is useful to explain, from a
theoretical point of view, why the MSS approach provides better performances. The reader not
interested in the formalism can skip this subsection.
The parameter c(t) defined in Eq. (1) can be exactly calculated when we know the true profile
x(t). In the real case we have a profile x̂(t) retrieved from a measurement which is related to
x(t) by the equation [16]:
x̂(t) = x̂0 (t) + A[x(t) − x0 (t)] + ε (t),

(3)

where the vector ε (t) contains the errors on the retrieved profile propagated from the errors
that affect the observations, A is the averaging kernel matrix, x0 (t) is a profile close enough
to the true profile x(t) in such a way that the linear approximation of the averaging kernel is
appropriate and x̂0 (t) is the retrieved profile when x0 (t) is the true profile and the observations
are not affected by errors. x̂0 (t) can be obtained with a simulated retrieval from error-free
observations computed with the forward model assuming the x0 (t) profile as the true profile.
The vertical grid on which x̂(t) and x̂0 (t) are represented is the retrieval grid which may depend
on the measurement and retrieval technique and, therefore, is in general different from the
vertical grid on which x(t) and x0 (t) are represented.
The quantity c(t) can be estimated substituting in Eq. (1) the retrieved profile x̂(t) in place of
the true profile x(t) after that an interpolation is made from the retrieval grid to the grid of x(t)
with a suitable interpolation matrix H. Proceeding in this way and using Eq. (3) we obtain:
ĉ(t) = wT Hx̂(t) = wT HAx(t) + wT (I − HA)x0 (t) + wT [Hx̂0 (t) − x0 (t)] + wT Hε (t).

(4)

Therefore, the error that we make estimating the quantity ĉ(t) instead of c(t) is
ĉ(t) − c(t) = wT (HA − I)[x(t) − x0 (t)] + wT [Hx̂0 (t) − x0 (t)] + wT Hε (t).

(5)

The contribution wT [Hx̂0 (t) − x0 (t)] can be calculated and used to correct ĉ(t). Consequently
our estimation of c(t) is affected by two errors: wT (HA − I)[x(t) − x0 (t)], that is due to the
smoothing error [16] of the measurement method, and wT Hε (t), that is due to the errors of the
observations.
The smoothing error component can be estimated as suggested in [16]. The statistics of this
error can be calculated from the mean xe and the covariance matrix Se of an ensemble of states
that comprehensively describes both the time and the geographical variability of the profile.
The mean of this error is wT (HA − I)[xe (t) − x0 (t)] (which gives a bias term) and the variance
about xe is wT (HA − I)Se (HA − I)T w. As stated in [16] the correct estimate of the smoothing
error contribution requires to know the actual statistics (xe and Se ) of the fine structure of the
profile. If this is not known and we use some ad hoc matrix that has been constructed as a
reasonable a priori constraint in the retrieval we can make a significant error in the estimation
of this contribution. The smoothing error is an elusive and often underestimated contribution
which, as it will be later discussed, is due to those features of the observed quantity that are not
measured by the data analysis process.
We can try to reduce the contribution due to the smoothing error replacing wT H in Eq. (4),
which is the transformation used to determine our parameter ĉ(t) from the retrieved profile x̂(t),
with an optimized transformation vT , where v is a vector (with a number of elements equal to
the number of points of the retrieval grid) to be determined:
ĉ(t) = vT x̂(t).
#143162 - $15.00 USD

(C) 2011 OSA

(6)

Received 23 Feb 2011; revised 31 Mar 2011; accepted 2 Apr 2011; published 2 May 2011

9 May 2011 / Vol. 19, No. S3 / OPTICS EXPRESS A344

In this case, the error that we make estimating the quantity ĉ(t) instead of c(t) is
ĉ(t) − c(t) = (vT A − wT )[x(t) − x0 (t)] + vT x̂0 (t) − wT x0 (t) + vT ε (t).

(7)

Now the smoothing error contribution is (vT A − wT )[x(t) − x0 (t)] and it can be minimized
choosing the vector v that minimizes the norm of the vector (AT v − w). The vector AT v is the
linear combination of the rows of the matrix A (the averaging kernels) with the coefficients
given by the elements of v. This property suggests to write the vector w as the sum of the
component wA of w in the space spanned by the rows of A (that we indicate with {A}) plus
the component wA⊥ of w in the orthogonal complement space in Rn (including all the vectors
made of ordered n-tuples of real numbers) of {A} (that we indicate with {A⊥ }):
w = wA + wA⊥ .

(8)

Since the vectors (AT v − wA ) and wA⊥ are orthogonal, the square norm of (AT v − w) is given
by
|(AT v − w)|2 = (AT v − wA − wA⊥ )T (AT v − wA − wA⊥ ) = |AT v − wA |2 + |wA⊥ |2 .

(9)

The minimum of |(AT v − w)| is obtained choosing the vector v = vmin for which AT vmin = wA
and Eq. (9) becomes:
(10)
|(AT vmin − w)| = |wA⊥ |.
This equation shows that choosing v = vmin the error contribution due to the smoothing error
is proportional to the component of w that belongs to the space {A⊥ } and, therefore, is zero
in the case that the vector w belongs to the space {A} (that is if w is a linear combination of
the averaging kernels). If w does not belong to {A} the statistics of this error can be estimated
(as described above) with the mean value wTA⊥ [x0 (t) − xe (t)] (which gives a bias term) and
the variance wTA⊥ Se wA⊥ . This means that the smoothing error is an “incompleteness error”
due to the fact that the space generated by the averaging kernels {A} does not coincide with
the complete space Rn . Indeed when {A} coincides with Rn wA⊥ is the null vector and the
smoothing error is zero.
Once the vector vmin has been determined, the contribution vTmin x̂0 (t) − wT x0 (t) can be calculated and used to correct ĉ(t) and the contribution vTmin ε (t), due to the errors on the observations,
can be represented by the variance vTmin Svmin , where S =< ε (t)ε (t)T > is the covariance matrix
of x̂(t) (the symbol < ... > representing the mean value).
The averaging kernel matrix is given by [16]:
A = GK,

(11)

where G is the gain matrix (which describes the sensitivity of the retrieval to the observations)
and K is the Jacobian matrix of the forward model calculated in x0 (t).
Equation (11) shows that the rows of A (the averaging kernels) are linear combinations of
the rows of K with the coefficients given by the elements of the rows of G. Therefore, the
space {A} is a subspace of the space spanned by the rows of K [21] which is referred to as the
measurement space [18–20] and that we indicate with {K}. Consequently, the incompleteness
error (smoothing error) is smaller if we use {K} in place of {A}. This statement can be deduced
from the following consideration. Equation (3) shows that the true profile contributes to the
retrieved profile by means of its projections on the rows of A, that is by way of its component
in the space {A}. Therefore, the retrieved profile x̂(t) allows to retrieve the component of x(t)
in the space {A}. However, the observations provide the projections of the true profile x(t) on
the rows of K [18] and, therefore, they contain the information for retrieving the component
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of x(t) in the space {K} which includes the space {A} and is more complete. Consequently
the use of the retrieved profile x̂(t) (that provides the solution in {A}) to estimate c(t) may not
exploit all the information contained in the observations (that provide the solution in {K}).
Another problem that arises with the use of the retrieved profile to estimate trends is that
generally the averaging kernels are given to the user as square matrices, i.e. they refer to the
retrieval grid both for the rows and for the columns. If the retrieval grid is not adequate for the
representation of the real profile, some hypothesis has to be made to transform the averaging
kernels from the retrieval grid into the grid on which the true profile is represented. The approximations made in this hypothesis may introduce a degradation in the information content
of the data.
The optimal way to estimate c(t) exploiting all the information contained in the observations
(with a minimum incompleteness error) and without any problem due to interpolation between
different vertical grids is to use the MSS method [18]. Indeed the MSS provides the solution in
the space {K} and on a vertical grid as fine as desirable.
2.3.

Estimation of the parameter c(t) from the MSS

In the MSS method the vertical grid of the retrieved profile and of the Jacobian matrix K is not
constrained, therefore, we can use a fine vertical grid of n points equal to that used to represent
the profile x(t). Since the Rn space can be split into the direct sum of the measurement space
{K} and of its orthogonal complement {K ⊥ } (referred to as the null space [18]), we can write:
x(t) = xK (t) + xK⊥ (t)

(12)

where xK (t) and xK⊥ (t) belong to the spaces {K} and {K ⊥ }, respectively. xK (t) and xK⊥ (t)
can be expressed as:
(13)
xK (t) = Va(t),
xK⊥ (t) = Wb(t),

(14)

where V is a matrix whose columns are an orthonormal basis of {K}, W is a matrix whose
columns are an orthonormal basis of {K ⊥ } and a(t) and b(t) are the projections of x(t) on
these orthornormal bases:
(15)
a(t) = VT x(t),
b(t) = WT x(t).

(16)

The component xK (t), expressed in terms of V and a(t), is the MSS and can be derived from
the observations following the procedure described in [18, 20]. The elements of the vector a(t)
are characterized by noise errors (propagated from the noise on the observations) which are
uncorrelated with each other (the covariance matrix of a(t) is a diagonal matrix by construction)
and these errors are used to sort the elements of a(t): the error increases with the index of
the element. The elements of a(t) can be affected also by some systematic errors due to the
uncertainty on some instrumental parameters. The analysis of these systematic errors and of
how they affect the estimation of the trends is discussed in subsection 3.4.
Substituting Eq. (12) into Eq. (1) and writing the vector w as the sum of the component wK
in the space {K} plus the component wK⊥ in the space in {K ⊥ } we obtain:
c(t) = (wK + wK⊥ )T (xK (t) + xK⊥ (t)) = wTK xK (t) + wTK⊥ xK⊥ (t).

(17)

Using the MSS we can estimate the term wTK xK (t) while, since the observations do not provide
any information about xK⊥ (t), we can only obtain an estimation of the term wTK⊥ xK⊥ (t) using
some a priori information. If we choose the vector w belonging to the measurement space then
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wK = w, wK⊥ = 0 and using the MSS we can estimate exactly c(t). Since the measurement
space depends on the Jacobian matrix which is in general different for different observations,
it is not always possible to choose a vector w that belongs to all the measurement spaces of the
different observations. We choose a vector w which almost completely lies in all the measurements spaces, that corresponds to the condition |wK⊥ | << |wK | ∼ |w|, and, using a climatological profile, estimate the error that we make neglecting the term wTK⊥ xK⊥ (t). In agreement
with what said in subsection 2.2, we refer to this error as the ”incompleteness error” because it
arises from the fact that the measurement space does not coincide with the complete space Rn .
The procedure has to adopt a strategy to select the number of components to represent the
MSS. Indeed the components of the MSS (given by the columns of V weighted with the elements of a(t)) are affected by noise errors, therefore, increasing the number of components
of the MSS we increase the noise error on the term wTK xK (t). On the other hand, if we represent the MSS with a small number of components the contribution of the term wTK⊥ xK⊥ (t)
and the incompleteness error increase. Therefore, the selection of the number of components
to represent the MSS is based on the identification of the best compromise between these two
competing requirements.
3.
3.1.

Estimation of water vapor trends from MIPAS measurements
MIPAS measurements

We applied the procedure described in subsection 2.3 to a set of measurements acquired by
the MIPAS instrument in the period 2005-2009. MIPAS [15] is a Fourier-transform spectrometer operating in the middle infrared that observes the atmospheric emission at the limb for
the retrieval of the vertical profiles of several minor atmospheric constituents. The MIPAS
measurements are acquired in the nominal measurement mode adopted after January 2005,
with an unapodized spectral resolution of 0.0625 cm−1 (corresponding to a maximum optical
path difference equal to 8 cm) at 27 tangent heights covering the altitude range from 7 to 72
km. The code used for the determination of the linearization point (needed for the MSS calculation [18, 20]) is that adopted by the European Space Agency (ESA) for the operational
retrieval [22–25]. It uses a non-linear least-squares fit of the observed spectra with forward
model simulations to retrieve the vertical profiles of pressure, temperature, water vapor, ozone,
nitric acid, methane, nitrous oxide and nitrogen dioxide. The microwindow approach, described
in [26], is adopted and of the 27 spectra only a subset of spectral points containing the relevant
information for water vapor retrieval is used.
The results described in this paper refer to 265448 measurements acquired in the five years
from January 2005 to December 2009 and made available by ESA for validation purposes.
A larger number of measurements is available in the three years from 2005 to 2007 (a mean
value of 6350 measurements per month) with respect to the years 2008 and 2009 (a mean
value of 1530 measurements per month). No measurements were acquired in the nominal mode
in September, October and November 2005 and in February and April 2006, therefore, these
months are not included in our analysis.
3.2.

Estimation of the parameter c(t)

The vertical grid on which we calculated the MSS is the ECMWF (European Centre for
Medium-Range Weather Forecasts) pressure grid with 91 levels for a surface pressure of
1013.250 hPa. It extends from 1013.250 to 0.02 hPa and its detailed description can be found
in [27].
For each measurement we performed the retrieval with the code developed for the operational
retrieval and interpolated the retrieved profile to the 91 levels pressure grid. This interpolated
profile was used as linearization point to calculate the MSS.
#143162 - $15.00 USD

(C) 2011 OSA

Received 23 Feb 2011; revised 31 Mar 2011; accepted 2 Apr 2011; published 2 May 2011

9 May 2011 / Vol. 19, No. S3 / OPTICS EXPRESS A347

0,01

Pressure [hPa]

0,1

1

10

100

1000
0,00

0,02

0,04

0,06

0,08

0,10

wi

Fig. 1. Vector w as a function of pressure.

The vector w was chosen with the objective of selecting a component of the water vapor profile that is extensively determined (with minimum incompleteness error) in each measurement
space of all the analyzed measurements and, at the same time, is little affected by the natural
variability of the profile distribution. Since the observation geometry of MIPAS allows accurate measurements in stratosphere [23], we chose a Gaussian function of the logarithm of the
pressure peaking at 2 hPa and extending over all the stratosphere:
wi = N · exp[−

(log(pi ) − log(p))2
],
2σ 2

(18)

where N is a normalization term that we determine using Eq. (2), p = 2 hPa and σ = 1.6*log(2).
In the altitude domain w is approximately a gaussian centered at 45 km with a standard deviation of 8 km. Figure 1 shows the vector w as a function of pressure. We verified that for 97%
of the available measurements |wK | (calculated with the number of components that minimizes
the quadratic sum of the noise and the incompleteness errors) is larger than 99% of |w|, showing
that the component of the water vapor profile along w is almost completely measured in most
of the considered measurements.
For each measurement we calculated the term wTK xK (t) (see Eq. (17)) with its noise error
and estimated the term wTK⊥ xK⊥ (t) (incompleteness error) using a climatological profile [28]
corresponding to the season and the latitude of the measurement. For each measurement we
selected the number of components which minimizes the quadratic sum of the noise and the
incompleteness errors. In the analyzed measurements the number of selected components has
a mean value of 20.5 and a standard deviation of 4.4. These values compare with a mean value
and a standard deviation of the number of measurements per limb scan equal to 21.1 and 5.4,
respectively.
In Fig. 2 we report the histogram of the percentage incompleteness errors obtained from
the 265448 analyzed measurements with a bin width of 0.05%. This histogram shows that the
incompleteness error is made of a random component superimposed on a bias term that we
estimated by the mean value. We also calculated the histogram reported in Fig. 2 separately for
each year from 2005 to 2009 verifying that no change with time occurred in the incompleteness
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Fig. 2. Histogram of the percentage incompleteness errors obtained from the 265448 analyzed measurements with a bin width of 0.05%. The mean and the standard deviation of
the distribution are reported.

error statistics in the analyzed time period.
In order to consider only data measured with large precision we have filtered out the data for
which either the noise error is larger than 2% or the incompleteness error is larger than 0.6%
(this threshold allowed to reduce the bias term to less than 0.1%) or |wK⊥ | is larger than two
parts per thousand of |w|. The remaining data consist in 184396 measurements (69.47% of the
all analyzed measurements) for which c(t) was estimated as equal to wTK xK (t).
3.3.

Estimation of the trends

We performed an analysis of the trend for latitude bands. We divided the globe in 17 latitude
bands: 15 latitude bands from −75◦ to +75◦ with 10◦ steps and two polar bands from −90◦ to
−75◦ and from +75◦ to +90◦ . We calculated the average c(lat,t) and the standard deviation
σc (lat,t) of c(t) for all the measurements of each latitude band and of each month: ”lat” is the
index that refers to the latitude band and runs from 1 to 17 and ”t” is the index that refers to the
month and runs from 1 to 60 (for a total of 5 years). Furthermore, in order to obtain a global
value for the stratospheric water vapor trend, we also calculated the average and the standard
deviation of c(t) considering for each month all the filtered measurements regardless of latitude.
For some months or latitude bands there are no values for c(lat,t). This situation occurs in
periods for which either nominal MIPAS measurements are not available or the measurements
are filtered out due to large errors (see subsection 3.2)
The values of the standard deviation σc (lat,t) are due to several causes of spread: the noise
errors that affect the observations, the random term of the incompleteness errors, some instrumental random errors that we discuss in subsection 3.4, the geographic variability due to
atmospheric dynamics, the time variability in the month and the dependence on latitude. The
error components that are not included in σc (lat,t) are some systematic instrumental errors
that we discuss in subsection 3.4 and the bias term of the incompleteness errors. Therefore,
we associate with each value of c(lat,t) an error given by the square root of the sum of the
variance of the mean plus the squared bias term of the incompleteness error (calculated as the
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mean of the incompleteness errors of all the measurements in the corresponding latitude band
and month).
Figures 3 and 4 show σc (lat,t) as a function of time for each latitude band as well as for all
the globe. We tested that a further division of the latitude bands in 5°steps does not decrease
the values of σc (lat,t), showing that the observed spread is dominated by time and longitudinal
variability rather than dependence on latitude. From Figs. 3 and 4 we can see that the largest
spread of the water vapor concentrations occurs in winter for latitudes higher than 45°in the
northern hemisphere and higher than 35°in the southern hemisphere. Very small values of the
standard deviation of the order of 0.2 ppmv are obtained when little time and longitudinal
variability is present.
In order to estimate the trends of the water vapor, we make the hypothesis that the dependence
of c(lat,t) on time can be modeled as the sum of three terms:
c(lat,t) = k(lat) + s(lat,t) + a(lat)t,

(19)

where k(lat) is a constant depending on the latitude band (that characterizes the water vapor
content at the beginning of the analyzed time period), s(lat,t) is a periodic function of time
with period of one year depending on the latitude band (it describes the seasonal variability)
and a(lat) is the slope of the trend that we aim to determine. As we will see below Eq. (19) does
not completely represent the time variability of c(lat,t), since other atmospheric phenomena
with time period different from one year can be present. In general interannual variability, quasi
biennial oscillations [29] and processes with periods of several years also affect the observed
changes, but the linear component of the trend is the main effect that can be observed in the five
year time period and the error with which this trend is fitted will confirm this assumption.
In order to isolate the trend term a(lat)t in Eq. (19) we evaluated the average of c(lat,t)
for each month of the year over the five years obtaining a function c(lat, m) (m = 1, ..., 12)
which depends on m in the same way as c(lat,t) depends on t plus a bias term due to the trend.
We extended periodically the function c(lat, m) over the five years and then subtracted this
function from c(lat,t) obtaining, according to our model, a step function with step width equal
to 12 and step altitude equal to 12a(lat). A fit of this difference with a straight line provided a
first estimation of the slope a(lat) that we used to remove the trend and the bias from c(lat, m).
This procedure provided an estimation of the constant part plus the seasonal variability of water
vapor content. We subtracted this estimation from c(lat,t) obtaining the final measurement of
the trend a(lat)t that was fitted with a straight line. This fit provided a more accurate value of
the slope a(lat). The values obtained for a(lat) at this second fit are about 8.5% larger than
those obtained at the first fit.
In Figs. 5 and 6 we report the estimation of the constant part plus the seasonal variability of
water vapor content as a function of time for each latitude band and for all the globe. These
figures show that the water vapor VMR is larger at the poles with respect to the equator and
that the seasonal variability changes significantly with latitude.
In Figs. 7 and 8 we report the estimation of the trend a(lat)t in percentage (that is divided
by the mean of all c(lat,t) over all the months and multiplied by 100) with its best linear fit as
a function of time for each latitude band and for all the globe. We can see that the data are well
fitted by a straight line in all the latitude bands except in the tropical regions where a strong
signature of the quasi biennial oscillation [29] is visible.
In Fig. 9 we report the fitted annual trend 12a(lat) (black solid line) in percentage (that is
divided by the mean of all c(lat,t) over all the months and multiplied by 100) as a function of
latitude. The error bars are calculated multiplying the errors obtained from the fit by the square
root of the reduced chi-square, that is the chi-square of the fit divided by the number of points
minus two (we retrieve two parameters from the fit: the slope and the intercept of the straight
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Fig. 3. Standard deviations σc (lat,t) as a function of time for different latitude bands. In
the x-axis 1 corresponds to January 2005 and 60 to December 2009. Missing data points
correspond to periods for which either nominal MIPAS measurements are not available or
the measurements are filtered out due to large errors (see subsection 3.2).
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Fig. 4. Standard deviations σc (lat,t) as a function of time for different latitude bands and
globally. In the x-axis 1 corresponds to January 2005 and 60 to December 2009. Missing
data points correspond to periods for which either nominal MIPAS measurements are not
available or the measurements are filtered out due to large errors (see subsection 3.2).
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Fig. 5. Constant part plus seasonal variability for different latitude bands. In the x-axis 1
corresponds to January 2005 and 60 to December 2009.
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Fig. 6. Constant part plus seasonal variability for different latitude bands and globally. In
the x-axis 1 corresponds to January 2005 and 60 to December 2009.
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Fig. 7. Trend a(lat)t in percentage for different latitude bands with the best linear fit (red
line). In the x-axis 1 corresponds to January 2005 and 60 to December 2009. Missing
data points correspond to periods for which either nominal MIPAS measurements are not
available or the measurements are filtered out due to large errors (see subsection 3.2).
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Fig. 8. Trend a(lat)t in percentage for different latitude bands and globally with the best
linear fit (red line). In the x-axis 1 corresponds to January 2005 and 60 to December 2009.
Missing data points correspond to periods for which either nominal MIPAS measurements
are not available or the measurements are filtered out due to large errors (see subsection 3.2).
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Fig. 9. Fitted annual trend 12a(lat) in percentage as a function of latitude (black solid line)
with the corresponding errors. Results of the sensitivity test performed simulating a drift of
the gain error for June (blue solid line) and December (red solid line) 2009. The bias due
to the instrumental errors is represented by the gray area centered around 0.76%yr−1 , the
mean value of the red and blue lines.

line). The fitted annual trend considering all the globe is (0.85 ± 0.08)%yr−1 . Trends are determined with errors that are smaller than the fitted values (this conclusion also applies when the
systematic errors are considered, see subsection 3.4) and this result justifies the assumption that
the observed interannual variability is dominated by a linear variation (see Eq. (19)). Nevertheless the reduced chi-square is significantly larger than one (with values from 7 to 35) showing
that the high precision of the measurements is also detecting other causes of variability.
The trend values obtained in the tropical regions are affected by larger errors (as shown by the
error bars in Fig. 9) that are most probably due to the presence of the quasi biennial oscillation
not included in the model. Figure 9 shows that there is a dependence of the water vapor trend
on latitude with values in the northern hemisphere larger than in the southern hemisphere.
Neglecting the tropical regions, the mean value of water vapor trend for latitudes higher than
30◦ is equal to (1.17 ± 0.05)%yr−1 in the northern hemisphere and to (0.77 ± 0.035)%yr−1
in the southern hemisphere. Therefore, the difference between the percentage values in the two
hemispheres is equal to (0.40±0.06)%yr−1 . A very smooth dependence on latitude is observed.
The Fourier transform of this distribution provides an estimation of the white noise of these
points that is smaller than the errors shown by the error bars and estimated on the basis of the
geographical variability. This result confirms the high quality of the trend measurements, whose
errors tend to be dominated by systematic errors (see subsection 3.4) rather than precision
errors.
Since the trend value depends on latitude we make a more accurate estimation of the global
trend weighting the latitude dependent values with the fraction of global solid angle seen by
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each latitude band:

1
[sin(ϕmax ) − sin(ϕmin )],
(20)
2
where ϕmax and ϕmin are the latitudes delimiting the band. This calculation provides the value
of (0.91 ± 0.05)%yr−1 for the global stratospheric water vapor trend.
3.4.

Analysis of the instrumental errors

It is important to evaluate the instrumental calibration errors that can drift during the mission
and affect the values of the estimated trends. We analyze the three possible instrumental calibration errors: the frequency calibration error, the error on the instrumental line shape (ILS)
and the gain calibration error.
The frequency calibration error affects the spectral axis of the limb spectra measured by
MIPAS and can be due to spectral shifts of the diode laser used to sample the interferograms.
In order to correct this error a spectral calibration is performed every four elevation scans by
comparing measured atmospheric spectra in selected spectral windows with theoretical spectra. The spectral positions of pre-selected lines are compared between the observed spectra and
theoretical spectra. The measured spectra are then corrected so that the spectral positions of the
compared lines match those of the reference lines. Because of this frequent spectral calibration
the frequency calibration error is always very small and appears as a random error in the estimation of the water vapor content and, therefore, it has already been considered in the error
estimation presented in subsection 3.3.
In the fit of the measured radiances with the simulated ones the forward model performs a
convolution of the simulated spectra with a modeled ILS that should reproduce the real ILS.
The modeled ILS is obtained from a model of the instrument and it depends on some parameters
whose values were deduced from a fit performed at the beginning of the mission. A change of
the real ILS during the mission due to the aging of the instrument (for example a drift of the
width of the ILS) can generate an error on the estimated trends. We performed some sensitivity
tests changing the values of the parameters characterizing the modeled ILS and estimating the
effects of these changes on the retrieved stratospheric water vapor content. From these tests we
deduce that the error on the estimated percentage annual water vapor trends due to drifting of
the ILS is most probably negligible and in any case less than 0.1%yr−1 .
The MIPAS spectra can be affected by a radiometric calibration error meanly due to the effect
of the ice contamination on the gain function. In order to eliminate this error a radiometric
calibration is performed once a day by observation of an internal black body and the retrieved
gain values are updated in the auxiliary data files once a week unless the variation of the gain
is greater than 1%. Because of this frequent radiometric calibration the gain error appears as a
random error on the retrieved water vapor content and, therefore, it is already considered in the
error estimation presented in subsection 3.3. However, the detectors which are used in the long
wavelength channels (685 - 1500 cm−1 ) show a substantial nonlinearity, i.e., their responsivity
is dependent on the incident photon flux. This nonlinearity needs to be corrected before the
radiometric calibration is applied. The detector response as a function of the incident photon
flux has been characterized and parameterized before the ENVISAT launch and the parameters
of this characterization are used to perform the nonlinearity correction. A drift of the detector
nonlinearity during the mission can induce a drift of the gain error that can affect the estimated
stratospheric water vapor trends.
In-flight measurements of the parameters of the nonlinearity correction have allowed to estimate a value of the drift during all the mission of the gain error due to nonlinearity of the
detectors of about 2% in band A (that ranges from 685 to 970 cm−1 ), 1% in band AB (that
ranges from 1020 to 1170 cm−1 ) and 2.5% in band B (that ranges from 1215 to 1500 cm−1 ),
with a sign that determines a compression of the spectrum amplitude as a function of time [30].
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We performed a sensitivity test calculating the percentage variation of the retrieved average
stratospheric water vapor content for June and December 2009 induced by the estimated drift
of the gain error. The results of this sensitivity test (scaled to provide the effect in one year)
are shown in Fig. 9 with the blue and red solid lines, respectively. The global variations calculated weighting the latitude dependent values according to Eq. (20) are 0.75%yr−1 for June and
0.77%yr−1 for December.
These results indicate that the trend values estimated in subsection 3.3 are affected by a bias
of about 0.76%yr−1 , that, as the blue and red solid lines in Fig. 9 show, is nearly independent
of latitude. Combining an uncertainty of 15% on the drift of the gain error with the error due
to drifting of the ILS we estimate an error associated to this bias of 0.15%yr−1 . Therefore, we
conclude that the trend values estimated in subsection 3.3 are affected by a bias of (0.76 ±
0.15)%yr−1 which is indicated by the gray area in Fig. 9. Subtracting this bias from the trend
values estimated in subsection 3.3 we find (0.15 ± 0.16)%yr−1 for the global value, (0.41 ±
0.16)%yr−1 for the northern hemisphere and (0.01 ± 0.15)%yr−1 for the southern hemisphere.
The considerations made in this subsection show that the drift of the gain error due to nonlinearity of the detectors is the most important source of error that presently drastically reduces
the potentiality of the MIPAS measurements for an accurate estimation of stratospheric water
vapor trends.
4.

Conclusion

We developed a new method that uses the MSS to estimate trends of atmospheric parameters
from remote sensing measurements. With respect to traditional methods using the retrieved
profiles, the proposed method exploits more comprehensively the information included in the
observations, avoids the artifacts introduced by the a priori information as well as the loss of
information due to interpolation to different vertical grids. We used this new method to estimate
the trend of stratospheric water vapor as a function of latitude in the five years from 2005 to
2009 using the MIPAS measurements.
The method provided trend measurements that are very precise (∼5% error), also considering
the short time duration of the analyzed period. The estimated trends, however, are affected by a
relatively large systematic error induced by the radiometric calibration error of the instrument.
The analysis showed that the stratospheric water vapor trend has a dependence on latitude with
a positive value of (0.41 ± 0.16)%yr−1 in the northern hemisphere, and less than 0.16%yr−1 in
the southern hemisphere.
The trend values obtained in this paper show an increase of stratospheric water vapor smaller
than that occurred in the period 1980-2000 and in agreement with the small positive trends
observed up to 2008 in [14] after the minimum occurred between 2004 and 2006. Our results
indicate that the increase is now mainly localized in the northern hemisphere.
The climatological information on the water vapor trend is unfortunately limited by the relatively large radiometric calibration error and by the limited time interval covered by the analyzed data set, but the quality of the results presented in this paper, while providing a good
illustrative application of the proposed approach, allows the determination of statistically significant variations in time and as a function of latitude. The good performance of the proposed
technique suggests that any atmospheric remote sensing measurement involving an inversion
would benefit from a reanalysis with this method.
As a final consideration we stress the importance for a better characterization of the MIPAS
radiometric calibration error. Indeed, our analysis revealed that very precise estimates of the
trends of the atmospheric parameters can be derived from the MIPAS measurements, but their
accuracy is presently drastically limited by the systematic errors.
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