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Abstract. An evaluation of water vapor in the upper tropo- tio (< 10 ppmv) in the LS and underestimation of high water
sphere and lower stratosphere (UTLS) of the ERA-Interim,vapor mixing ratio £ 300 ppmv) in the UT.
the global atmospheric reanalysis produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF), is
presented. Water vapor measurements are derived from the
Fast In situ Stratospheric Hygrometer (FISH) during a largel Introduction
set of airborne measurement campaigns from 2001 to 2011
in the tropics, midlatitudes and polar regions, covering isen-Water vapor is one of the mostimportant greenhouse gases in
tropic layers from 300 to 400 K (5—18 km). the atmosphere and plays a key role in the atmospheric part
The comparison shows around 87 % of the reanalysis datef the climate system. A change in water vapor, in particular
are within a factor of 2 of the FISH water vapor measure-in the upper troposphere and lower stratosphere (UTLS), af-
ments and around 30 % have a nearly perfect agreement witfects the surface climate and is important for understanding
an over- and underestimation lower than 10 %. Neverthelesghe decadal variability of surface temperaturéeréter and
strong over- and underestimations can occur both in the UTShing 1997 Solomon et a].2010 Riese et a].2012).
and LS, in particularly in the extratropical LS and in the trop-  Water vapor is an extremely variable trace gas that is af-
ical UT, where severe over- and underestimations up to 1dected by phase transitions from and to liquid and solid hy-
times can occur. drometeors. In the UTLS, the formation and sublimation of
The analysis data from the evolving ECMWF operational ice particles in cirrus clouds is particularly relevant. Water
system is also evaluated, and the FISH measurements amapor is also involved in atmospheric chemistry. In the tro-
divided into time periods representing different cycles of posphere it is the prime source of hydroxyl radicals (e.g.,
the Integrated Forecast System (IFS). The agreement witliRohrer and Berreshein2009, and thus water vapor in-
FISH improves over the time, in particular when compar- directly controls the lifetime of most gaseous atmospheric
ing water vapor fields for time periods before 2004 and afterpollutants in the atmosphere. In the stratosphere water va-
2010. It appears that influences of tropical tropospheric angor may be chemically produced through the oxidation of
extratropical UTLS processes, e.g., convective and quasimethaneJones and Py|d984 Rockmann et al2004 Rohs
isentropic exchange processes, are particularly challengingt al, 2006. Transport processes in the troposphere play a
for the simulation of the UTLS water vapor distribution. Both key role for the distribution of water vapor. In the vicinity
the reanalysis and operational analysis data show the tersf the tropopause and in particular across the subtropical jet
dency of an overestimation of low water vapor mixing ra- stream, large gradients of water vapor exist due to the bar-
rier effects of the tropopauskl@ynes and Shuckburgh00Q
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Pan et al.2004 Flentje et al. 2007 Kunz et al, 20118. In spheric models for the calculation of radiative fluxes, particu-
the tropics, the low temperatures at the tropopause lead ttarly in the stratosphere, where absolute humidities are small
strong freeze-dryingJensen and PfisteP004 Fueglistaler  but relative errors can be large. The moist model bias ana-
et al, 2009 Schiller et al, 2009. lyzed with the MOZAIC measurements may be due to lim-
The representation of these UTLS processes is challengingations in the ECMWF model, as described ®ikonomou
for operational numerical weather prediction (NWP) models,and O’Neill (2006. The exact difference between the model
and the NWP system from the European Centre for Medium-and MOZAIC measurements may also be influenced by the
Range Weather Forecasts (ECMWF) is evaluated here. Bebias in the MOZAIC water vapor observations in the lower
sides the operational analysis and forecast cycles, ECMWI[stratosphere. The MOZAIC relative humidity sensor likely
has produced different global atmospheric reanalysis prodhas a positive bias above the tropopause compared to high-
ucts, e.g., ERA-40 from 1957 to 200D gpala et al.2006 resolution observations with the Fast In situ Stratospheric
and ERA-Interim covering the time period from 1979 to Hygrometer (FISH)Kunz et al, 2008.
presentDee et al.2017). The ERA-Interim water vapor data set has already been
Validation studies of the ECMWF water vapor fields show used for studies of key atmospheric processes in the UTLS
that the operational analysis and forecasted UTLS water vasuch as the Brewer—Dobson circulation and the double
por fields might in some cases deviate significantly from in- tropopauseastanheira et al2012), or the transport of wa-
dependent in situ observatiordéntje et al. 2007 Schafler  ter vapor from the subtropics toward the extratropRi®éger
et al, 2010. Flentje et al.(2007) evaluated the short-term et al, 2013. A detailed evaluation of the ERA-Interim rep-
high-resolution ECMWF forecasts by airborne lidar water resentation of water vapor does not exist and is therefore
vapor measurements during the international TROCCINOXthe main aim of this study. An assessment of the quality of
(Tropical Convection, Cirrus and Nitrogen Oxides Exper- the ERA-Interim water vapor product is particularly relevant
iment) campaign. Based on a case study for March 2004or further improving the hydrological cycle in the ECMWF
above the tropical and subtropical Atlantic between Brazilmodel and for a better understanding and interpretation of
and EuropeFlentje et al.(2007) found an overall good re- diagnostic studies using water vapor fields of this compre-
production of the observed water vapor distribution. How- hensive data set.
ever, locally there were large differences in the vicinity of  In the following, all available high-resolution in situ water
strong water vapor gradients, a too-moist and shallow boundvapor measurements by the FISH instrument from 2001
ary layer, and an overestimation of convective transport ofto 2011 are used for a comprehensive validation of ERA-
moisture to the UTSchéfler et al(2010 presented a similar Interim water vapor in the UTLS. FISH has successfully
case study for operational ECMWF analyses based on megparticipated in a large number of airborne measurement
surements during a campaign over western Europe in Augustampaigns both in the Northern and Southern Hemisphere
2007. Their comparison of lidar water vapor measurementgiuring recent years. Data from different measurement
with ECMWF analyses revealed an overestimation of bound-campaigns are obtained in polar regions (EUPLEX2003,
ary layer moisture in localized regions over Europe. POLARCAT2008, RECONCILE2010), at midlatitudes
A more climatological evaluation of water vapor fields (SPURT2001-2003, ENVISAT2002, EUPLEX2003,
based on the multiyear MOZAIC (Measurements of OzoneCIRRUS2003—-2006, MACPEX2011) and in the tropics
and Water Vapour by Airbus In-Service Aircraft) program (TROCCINOX2005, SCOUT2005, AMMA2006). Taking
was presented for the former ERA-40 data seDikonomou  the water vapor data of all these measurement campaigns
and O’'Neill (2009 and for operational ECMWF analysis therefore results in a comprehensive data set, referred to here
fields byLuo et al.(2007). Oikonomou and O'Neil(2006 as the FISH-based water vapor climatology, at altitudes from
found for 1991 to 1999 that the ERA-40 mixing ratios of wa- 5 to 18km, i.e., covering the UTLS. Thus, the FISH-based
ter vapor are considerably larger than observed by MOZAIC,water vapor climatology is well suited for an evaluation of
typically by 20 % in the tropical upper troposphere, and by the global distribution of ERA-Interim water vapor fields in
more than 60 % in the lower stratosphere at high latitudesthe UTLS. Since the reanalysis product is based on a single
The moist bias with an overestimation of the extratropicalfixed version of data assimilation and forecast model, the
lower stratospheric specific humidity in the ECMWF opera- ECMWF operational analyses are also considered for the
tional analysis and forecast system has been also intensivelyme period of the FISH-based water vapor climatology to
studied with CARIBIC (Civil Aircraft for the Regular In- study the changes of the UTLS water vapor simulation from
vestigation of the atmosphere Based on an Instrument Conehanges in the operational forecasting system from 2001 to
tainer) in situ measurements between 2005 and 2D¢&(f 2011.
etal, 2014. A one-to-one comparison of measured and modeled water
A moist model bias in the extratropical lowermost strato- vapor fields will lead to (1) a quantification of the agreement
sphere has the potential to impact the temperature distribubetween observed and reanalyzed water vapor for specified
tion, including a cold bias near the tropopauStefke et aJ.  episodes, and (2) an investigation of the change of the water
2008. It is thus important to improve the moist bias in atmo- vapor representation in operational ECMWF analyses. The

Atmos. Chem. Phys., 14, 108030822 2014 www.atmos-chem-phys.net/14/10803/2014/



A. Kunz et al.: UTLS water vapor comparison 10805

paper is structured as follows. In Sect. 2 the database will The resulting FISH-based water vapor climatology ex-
be described. The FISH measurements, the ERA-Interim an¢ends from 2001 to 2011. It consists of measurements from
the operational analysis data sets will be introduced and thé48 flights on 136 different days, corresponding to more than
methodology to compare observations and (re)analyses wilb00 h with FISH water vapor data in the UTLS. In this study,
be described. The results will be presented in Sect. 3 andnly the gas-phase water vapor is used; i.e., water vapor mix-
finally summarized and discussed in Sect. 4. ing ratios are selected which are lower than the saturation
mixing ratio, corresponding to a relative humidity with re-
o ) spect to ice of 100 %. In contrast to the Northern Hemisphere
2 Data description and analysis methodology airborne in situ climatology byfilmes et al.(2010Q from
1995 to 2008, only FISH measurements will be considered
here, leading to a more homogeneous observational data set
based on the same measurement technique. Thus, the FISH-
based water vapor climatology proves to be well suited for
H,O mixing ratio is measured in situ using the FISH in- & mod_el evaluation since the re_sults are not influenced by
strument Zéger et al, 1999, which is based on the Lyman c_h_anglng measurement accuracies or height-dependent sen-
« photo-fragment fluorescence technique. The FISH instruSitivities of the measurement instrumeKufz et al, 2008.
ment has been flown on a variety of airborne platforms. Ithas Figurela shows the geographical distribution of all mea-
a forward-facing inlet and measures total water, i.e., the sunsurements included in the FISH-based water vapor climatol-
of the gaseous and the condensed phase. FISH is regularR@y- Most of the flights were performed over Europe span-
calibrated in the laboratory against a commercial frostpointind @ region from 30to 80N and 10 W to 30°E. In the

hygrometer. The response time is 1 s, which allows also théiorthern Hemisphere, the data set also contains measure-
detection of small-scale variations of the® mixing ratio ~ Ments over Greenland obtained in 2008, over the US sam-

in the vicinity of the tropopause, in clouds and contrails. ThePled in 2011 and over Africa in 2006. In the Southern Hemi-
instruments accuracy is 7 % and the detection limit is betteSPhere, the FISH-based water vapor climatology contains
than 0.3 ppmv. The FISH instrument is therefore particularly M&asurements over Brazil and Australia in the year 2005.
suitable for water vapor measurements in the stratosphere, 1h€ highest frequency of measurements is in the vicinity
where other instruments such as the MOZAIC sensors los@ the tropopause (Figb), roughly around 16 to 18 kmin the
their sensitivity, resulting in a moist bias of MOZAIC data troPics and around 9 to 12km in the midlatitudes poleward
compared to FISH measurements in the extratropical LSO_f the subtropical jet stream. In the Arctic, there is also a
(Kunz et al, 2008. In all aircraft campaigns the FISH in- high frequency of measurements in _the deeper stratosphere
strument is switched on above a pressure level of roughly?t around 18km from campaigns with polar-vortex-related
400 hPa. The boundary layer is therefore not captured by th@Piectives, such as RECONCILE2010. There is also a high
FISH measurements. In the lower troposphere, the measurdi€asurement frequency in the middle troposphere at around
ment cell of FISH becomes optically dense due to large mix-2 km from POLARCAT2008.

ing ratios and the FISH fluorescence method is limited on in2 5 ERA-Interim data

situ measurements above a mixing ratio of 500 ppmv. Crit-="

ical FISH measurements above 500 ppray400 hPa) are The specific humidity from the ERA-Interim reanalysis data

therefore excluded from this analysis, followiKginz et al. set from the ECMWF Dee et al, 2011) is evaluated in this
(2008. paper. The model configuration is based on 60 model hybrid
levels with the top of the atmosphere located at 0.1 hPa and a
spectral T255 horizontal resolution. ERA-Interim is based on

For this study we use the data of 10 international measurelntégrated Forecast System (IFS) release Cy31r2, taken for
ment campaigns with different scientific objectives (see Ta-OPerational forecasting at ECMWF from 12 December 2006
ble 1 for an overview). Polar campaigns such as RECON-UNtil 5 June 2007Dee et al(201]) gives a comprehensive
CILE2010 were aimed at a better understanding of polar®Verview of the ERA-Interim data set, including the data as-
vortex dynamics and chemical reaction®rf Hobe et al. S|m|lat_|on methodology, theforecgst model and the input ob-
2013. Other campaigns, such as the eight SPURT campaign§_ervat'°”5' AIthough the obse_rvatlonal networ_k chan_ges over
over 2 years, were intended to observe seasonal differencdifn€. the reanalysis product is based on a single fixed ver-
of various trace gases in the midlatitude tropopause regior$ion Of data assimilation and forecast model, in contrast to
(Engel et al, 2009, and tropical campaigns such as TROC- the chang!ng operational foreca;tmg systgm. For this study,
CINOX2005 investigated the impact of tropical deep con- ERA-Interim data on a°1x 1° horizontal grid are used for
vection on the distribution and the sources of trace gasedN® 136 days of measurement flights (Tabland Fig.1).
cloud and aerosol particles in the UTLEéntje et al.2007 The data are then processed as follows:

Schiller et al, 2009.

2.1 FISH measurements

2.1.1 Measurement technique of FISH

2.1.2 FISH-based water vapor climatology
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Table 1. Information on campaigns of the FISH-based water vapor climatology, including both local and transfer flights. The number of
missions refers to the flight missions used for this climatology; i.e., the total amount of flight missions per campaign may be higher. The
approximate regional extent of the 148 flight missions is shown inIig.

Campaign Time Location

Flight missions  Flight hours  Campaign objectives

SPURT Nov 2001, Jan 2002 Hohn

34 ~ 147 UTLS trace gas climatology

(Trace gas transport May 2002, Aug 2002  (Germany) Atmospheric transport and
in the tropopause region) Oct 2002, Feb 2003 seasonal variation of trace gases
e.g.,Engel et al (2006 Apr 2003, Jul 2003
EUPLEX Jan 2003, Feb 2003 Kiruna 7 ~ 40 Polar stratospheric clouds
(European Polar Stratospheric Cloud (Sweden) Ozone loss in polar vortex
and Lee Wave Experiment) Chlorine activation
De- and renitrification
POLARCAT GRACE Jul 2008 Kangerlussuaq 13 ~ 80 Boreal forest fire emissions
(Greenland Aerosol (Greenland) into the UTLS
and Chemistry Experiment) Annual variation of trace gases
www.pa.op.dir.de/polarcat/ and aerosols in the Arctic
RECONCILE Jan 2010, Feb 2010 Kiruna 13 ~ 52 Polar vortex chemical reactions
(Reconciliation of essential process Mar 2010 (Sweden) Catalytic CLOx/BrOx chemistry
parameters for an enhanced Chlorine activation on PSCs
predictability of Arctic strat. ozone NAT nucleation mechanisms
loss and its climate interactions)
e.g.,von Hobe et al(2013
ENVISAT Jun 2002, Oct 2002 Forli 10 ~ 44 Validation of ENVISAT chemistry
e.g.,Blom et al.(2003 (Italy) instruments at midlatitudes
&
Mar 2003 Kiruna 5 ~ 20 ENVISAT validation in the Arctic
(Sweden)
CIRRUS Dec 2003, Nov 2004  Hohn 12 ~ 52 Cirrus formation mechanism and
e.g.,Schiller et al (2008, Nov 2006 (Germany) radiative effects
Kramer et al(2009 Chemical and microphysical
properties of cloud particles

MACPEX Apr 2011 Houston 15 ~ 100 Cirrus formation mechanism
(Midlatitude Airborne Cirrus (USA,TX) HO instrumental intercomparison
Properties Experiment)
www.espo.nasa.gov/macpex/
e.g.,Luebke et al(2013
TROCCINOX Jan 2005, Feb 2005 Aracatuba 14 ~ 64 Impact of tropical convection
(Tropical Convection, Cirrus (Brazil) on UTLS trace gases and particles
and Nitrogen Oxides Experiment) Lightning-produced NQin
www.pa.op.dlr.de/troccinox tropical thunderstorms
SCOuUT Nov 2005, Dec 2005  Darwin 16 ~ 88 Deep tropical convection
(Stratospheric—Climate Links with (Australia) Composition of the tropical
Emphasis on the Upper Troposphere transition layer
and Lower Stratosphere) Transport of trace gases into
e.g.,Vaughan et al(2008 the tropical UTLS
AMMA Jul 2006, Aug 2006 Ouagadougou 9 ~ 40 Intense mesoscale convection

(African Monsoon
Multidisciplinary Analysis)
e.g.,Cairo et al(2010

(Burkina Faso)

connected with African monsoon
Large-scale transport into the UTLS
Lightning and NQ production

1. ERA-Interim specific humidity fields are interpolated to

the positions (latitude, longitude, altitude) of the FISH
measurements. For this purpose, 3-D backward and for-
ward trajectories are calculated with the trajectory mod-
ule of the Chemical Lagrangian Model of the Strato-
sphere based on a hybrid vertical coordinate system (see
McKenna et al.(2002 and Ploeger et al(2013 for
more information on the model and trajectory calcula-
tions). These trajectories are initialized at every mea-
surement time and position. After reaching the closest

Atmos. Chem. Phys., 14, 108030822 2014

analysis time — i.e., 00:00, 06:00, 12:00 or 18:00UTC
— the respective latitude and longitude positions of the
trajectories are stored. At these positions, vertical inter-
polation of the ERA-Interim specific humidity field is

then performed linearly in potential temperature coor-
dinates. Nonlinearity of transport driven by the ERA-

Interim wind fields is taken into account. It is thus as-
sumed that during this short advection along the tra-
jectories, i.e., smaller than 3 h, the specific humidity
does not change. The ERA-Interim specific humidity

www.atmos-chem-phys.net/14/10803/2014/
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90'N ; isentropes, followingkunz et al.(20113. The quasi-

: horizontal distance of the measurement location from
the dynamic tropopause is calculated as the isentropic
difference of the equivalent latitude of the measure-
ment location and the equivalent latitude of the dynamic
tropopause along each geographical longitude, follow-
ing Kunz et al.(20118.

3. ERA-Interim temperature fields are extracted in the en-
-30s L _ . - . tire vertical column of the measurement positions. Ac-
e oW 0 0E 180F cording to WMO (1957 the location of the thermal

: tropopause based on the vertical lapse rate is determined
and the vertical distance of the measurement location
from the thermal tropopause is calculated at altitude lev-
els.

20km

16km i

12km |-

2.3 Operational analysis data

8km

PR BY SN & N POLngo;s__-—- The same procedure as for the ERA-Interim data in Se2t.

is performed for the specific humidity data from the ECMWF

_30°s o prov— e “ 90'N ope_rational analysis. From 2001 to 2006 thg data are at ares-
olution of T511L61 (T511 spectral resolution, 61 levels in
COUNTS of FisH data B — the vertical). In 2006, the model horizontal and vertical res-
1 1000 2500 10000 25000 50000 olution was increased to T799L91 and then to T1279 at the

: ) _ . ) beginning of January 2010. Thus, the horizontal resolution
Figure 1. Latitude-longitudéa) and altitude-atitudgb) represen- of the operational analysis data is higher than the fixed T255

tation of FISH water vapor measurements. Counts of 1 Hz measure- luti f ERA-Interim. F . th
ments are shown for®3at x 5° lon and 1 kmx 5° lat bins, respec- resolution o -intérim. For comparison reasons, the op-

tively. The measurement locations of the different campaigns aree"ational data are also interpolated to a regufax1° hor-
indicated in both panels. The ERA-Interim horizontal wind speed izontal grid. From 2001 to 2011 there have been multiple
(20 and 30 ms1) at 13km(a) and the zonal wind speed (10, 20, model changes from IFS Cycle 23r4 in June 2001 (also used
30, 40ms1) as a cross section through all altituges are shown  for the former reanalysis product ERA-40) to Cycle 37r3 in
as the mean over all 136 flight mission days between 2001 andNovember 2011 (see Se@&@.4 for model changes relevant
2011. The mean ERA-Interim isentropic surfaces (290, 320, 3500 the humidity during this period). The comparison of the
380, 410K) are black dashed lines, and the mean location of thgyperational analysis water vapor with the FISH observations
thermal tropopause is depicted by a white solid line. will therefore be performed on a daily basis (see S&cFor
the evaluation of the temporal change in water vapor repre-
) 1 sentation in operational ECMWF analyses two time intervals
values (in kgkg™) are converted to water vapor vol- eqresenting almost 2 years each are investigated: time in-
ume mixing ratio (in ppmv) by multiplication with the  gry5) 1 (Cy28r1-Cy30r1) from March 2004 to August 2006
quotient of molar masses of dry air and water, i.€., anq time interval 2 (Cy36r1-Cy36r4) from January 2010 to
28.9644/18.01510°. April 2011. These intervals are chosen since they are well
) ) ] ) ) represented by the FISH measurements, and a comparison
2. ERA-Interim meteorological fields — i.e., zonal wind, i further show the change in water vapor representation

meridional wind, temperature and geopotential heightpefore and after the IFS release Cy31r2 that is used for ERA-
— are vertically interpolated on isentropic surfaces be-|ntarim.

tween 280 and 500 K (every 10 K). Afterward, the isen-

tropic static stability and the potential vorticity (PV) 2.4 Changes to the IFS over time

fields are calculated. The PV values are then trans-

formed into equivalent latitudes. For that purpose, onDuring the period 2001 to 2011 considered here, there have
each isentrope the area enclosed by a PV contour ifbeen a number of changes to the IFS that potentially affect
a hemisphere is transformed to a circle with the samethe humidity field and representation of the hydrological cy-
area centered at the pole. The equivalent latitude iscle. The most significant changes are briefly described here
the distance in degrees of latitude from the Equator toalthough not all humidity impacts have been documented.
this circle. Afterward, the dynamic tropopause based on

the maximum product of PV gradients and wind speed

with equivalent latitude is determined on the different

www.atmos-chem-phys.net/14/10803/2014/ Atmos. Chem. Phys., 14, 1080822 2014
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In Cycle 26r3 (2003) a new humidity analysis scheme was
implemented KI6Im, 2002 with a nonlinear transformation
of the humidity control variable to render the humidity back-
ground errors more nearly Gaussian. The modifications to
the formulation of the humidity analysis and its impact on the
assimilation of humidity-sensitive observations are described
by Andersson et a2005.

In Cycle 31r1 (2006) just before the ERA-Interim cycle,
a revised cloud scheme was introduced including a new pa-
rameterization of supersaturation with respect to ice for tem-
peratures lower than 250 K in the cloud-free part of the
grid box (Tompkins et al.2007. The introduction of ice su-
persaturation delayed the formation of ice clouds, and the
upper-tropospheric humidity increased in the forecast model
(Tompkins et al.2007). However, the degree of ice super-
saturation was limited in the four-dimensional variational as-
similation (4DVAR) scheme, leading to a spin-up of humid-
ity from the analysis into the forecadtdmquin etal.2009.  Figure 2. Relationship between the asymmetric quantityi,O

Cycle 32r3 (2007) included revisions to the free tropo- and the symmetric quantits H,0'°92 (black line), which is used
spheric diffusion and to the convection scheme, in particu-for the evaluation of simulated and observed water vapor fields.
lar the introduction of a variable convective adjustment time-Overestimations 4 H,0/°92 = 0) are indicated by red dots, un-
scale and a convective entrainment rate proportional to thelerestimations 4 H,0/°92 < 0) by blue dots and a perfect rela-
environmental relative humiditechtold et al.2009. This  tionship (A H0'°92 = 0) by the green dot. The values presented
cycle resulted in a significantly higher and more realistic 2€ th(?oszSt relevant ones used in the investigation. In particular,
level of model activity in terms of the amplitude of tropical A HpO®9 values of 1, 1.6, 2, 2.3, 2.6,2.8,30, 32, and 3.3 cor-
and extratropical mesoscale, synoptic and planetary perturr-.esloonoI to a model water vapor thatis 2, 3, 4,5, 6, 7, 8, 9 and 10

. o . times larger than the observed water vapor.
bations with impacts on the UTLS temperature and humid-
ity. This cycle also included a new bias-correction scheme
for radiosonde temperature and humidity data as a functiono A H,O € [1, co]. This asymmetry has influences on sta-
of solar elevation and radiosonde type. tistical quantities like mean values. Therefore, the detailed

In Cycle 35r3 (2009), ice supersaturation was allowedanalysis of modeled and observed water vapor is based on
fully in the 4DVAR analysis, leading to an increase in upper- the logarithm ofA HoOgra With base 2, i.e.,
tropospheric humidity in the analysis. Finally, Cycle 36r4 log2
(2010) introduced a new cloud scheme with separate prog®H20 ErA =1002(AH20eRA)- (2

nostic variables for ice cloud, liquid cloud, rain and snow A perfect agreement between the model and observa-

(Forbes et a) 2011) and resulted in some drying of the upper- tions is now indicated by Hzo:;’gi =0, underestimations

tropospheric humidity into the forecast. Note that in the IFS ) log2 L
analysis system no humidity increments are allowed in the2® 9iven byA T'ZZOERA € [—00,0] and overestimations are
stratosphere, which means the distribution of humidity is de-given by A H,Ogp, € [0, oo]. Equation @) is also applied to
termined primarily in the forecast model by tropospheric ex- the operational analysis water vapos®ina , and the corre-

change, by upper-level moistening due to methane oxidatiorspondent ratio is referred to ASHZO'AO,%i. Figure2 presents

log,(A H,0)

and by advection. the relationship between Edl)(and @) based on the most
relevant values for this paper. In particularH,0'°92 values
2.5 Ratio of water vapor between (re)analysis of 1, 1.6, 2, and 3.32 correspond to a model water vapor mix-
fields and FISH ing ratio that is 2, 3, 4 and 10 times larger than the observed

. water vapor mixing ratio.
Th_e ratio between the ECMWF water vapor, €.9., the reanal- tpe jnfiyence of the FISH measurement uncertainty on the
ysis water vapor bOgra, and the measured FISH water va- oo A H,0'°92 is lower than 22 %. According to Se2il.1

por, HOrish, is calculated as follows: we assume an instrument accuracy of 7% and a detection
_ limit of 0.3ppmv for the two water vapor mixing ratios
AHz0era = Hz20era/H2OrIsH @ H20F sy = 4 ppmv and HOg sy = 100 ppmv. An overesti-

A value of A HoOgra = 1 indicates a perfect agreement mation of these water vapor mixing ratios &fH,0'°92 — 1
between ERA-Interim and FISH water vapor mixing ratio. is therefore connected with an uncertainty range between
The ratioA HoOgra is an asymmetric quantity; i.e., under- 0.80 and 1.22 for bOrisy =4+ 0.58 ppmv and with an
estimations are related toH,0 < [0, 1] and overestimations uncertainty range between 0.89 and 1.11 foiOHsH =

Atmos. Chem. Phys., 14, 108030822 2014 www.atmos-chem-phys.net/14/10803/2014/
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Figure 3. Example flight on 1 April 2011 during the MACPEX campaign over the US between 15 &nd.48) Altitude—time projection of
ERA-Interim static stability (colored contours) along the flight path (blue solid line). Isentropes (320, 350, 380, 410K) as black dashed lines,
zonal wind speed as orange lines (30 and 40%) and thermal tropopause as a white lift#). Water vapor mixing ratio in ppmv measured

by FISH (HbOr s, black line) and ECMWEF reanalysis §gra, orange line) and operational analysis water vapor mixing rat@{a ,

green line)(c) Latitude—longitude position of the flight path (blue solid line). Start position of the flight (red point) and the horizontal wind
speed (gray contours) are highlighted.

100+ 7.3 ppmv. The ranges where ECMWF data are indis-in Fig. 4a. For this example flight botk Hzo',f,%f\ and

criminable from the measured data, i8.H0°9=0,are A 4,009 vary between-1 and 1. Thus, there are regions

between—0.20 and 0.23 for bOrish=4=+0.24ppmv and  \yith ECMWF underestimations where;Brisy is twice as
—0.10 and 0.11 for bOFisy = 100+ 8 ppmv. large as HOgra, but also overestimations with J®era

) twice as large as $Orisn. Around 70 % of the values are
2.6 An example flight close toA H,0°92 = 0 and thus represent a nearly perfect

relationship. The ascent and descent parts of the flight in

Figures3 and4 present the methodology of the ratio of wa- ) )
ter vapor between (re)analysis fields and FISH for an eX_the troposphere (before 18:00 UTC and after 21:45UTC),

. . . . and the parts in the vicinity of the equatorward side of the
ample flight path during the MACPEX2011 campaign. This R
fligk?t t00?< plgce on1 g\pril 2011 over the US br(Jet\A?een 15 Subtropical jet stream (19:00_1%320 and 20:15-20:45UTC),
and 40 N. There are two special characteristics of this flight clearly show an enhancedl H,O™ with a ratio up to 2.
(see Fig.3a): (1) a two-time crossing of the subtropical Here, thg ECMWF water vapor may be FW'Ce as Ia_rge as the
jet stream in the southward direction of the flight (18:00— observqﬂons._A fairly good agre.ement witiH,0 % O'is ob- .
19:00 UTC) and on the return flight in northward direction served in regions where the airplane samples stratospheric

(20:30-21:30 UTC). (2) The flight also probed air masses ino' "ass€s: €.9., 18:00-18:30 and 21:00-21:30 UTC. The
largest deviations appear in air masses of the middle tropical

close vicinity of the thermal tropopause at altitudes betweergoposphere at around 12km, e.g.. at 20:00 UTC, when the

13 and 18 km. Thus, measurements are collected both in th CMWE underestimates the observed water vapor content
troposphere and stratosphere with different characteristics o - X F,)0 e '
The mean water vapor mixing ratio peéxH,0'"°9 bin

h i ili hei I .
Lzeos::zcjgitg It?]/e?“% Fr'::'rggs EFie g';bt)e rpolated#Dera and shows that HOana and HOgra overestimate BOfgisH
I -~ : at lower mixing ratios than 10ppmv and underestimate
For a quantification of these deviations in water vaporHZOFISH for higher mixing ratios than 30 ppmv (Figib,

mixing ratio between the model and observations the ra- . . .
tio A Hy0% is shown both for HOana and HOgra ¢). When comparing pOgra and HOana in more detail

www.atmos-chem-phys.net/14/10803/2014/ Atmos. Chem. Phys., 14, 1080822 2014
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Figure 4. (a) The ratioA HZOIogz for the reanalysis (orange line) and the operational analysis water vapor (green line) for the example
MACPEX flight on 1 April 2011 shown in Fig3. The red solid line marks a perfect agreeme@ll—(zo"’gz: 0). The red dashed lines
indicate the limits when the simulations are twizeH,0°92 = 1) or half (A H,0'°92 = —1) as high as the observatiorfs) Mean water

vapor mixing ratio pen\ Hzollggi bin of HyOF sH (black line) and HOgRra (orange line)(c) Mean water vapor mixing ratio af Hzol/g,%i

bin for HyOf sy (black line) and HOana (green line).

(Fig. 4a), the measurements are better represented by Hgolé’gi is between-3.3 and 3.3, and its bin size is vari-

H20ana than by HOgra in the middle troposphere able to represent reasonable scales as showr2Fig.gen-
and close to the jet stream roughly between 19:15 ancbral, A H,OL% values between-2.8 and 2.3 are found; i.e.,
20:45UTC. This may well be explained by an improve- the model occasionally underestimates the observations by
ment of the ECMWF data assimilation system over 4 yearsyp to a factor of 7 and overestimates them by up to a fac-
H20gra is based on the IFS release Cy31r2 in 2007, andtor of 5. Dependent on the campaign, around 10-20 % of the
H20ana on Cy36r1 in 2011. However, there are regions in yata are within a\ HzOEgi range betweenr-0.15 and 0.15,
the stratosphere with water vapor mixing ratios lower thanjygicating an almost perfect agreement between the reanal-
5ppmv where HOgra slightly better represents 3risH  yses and observations. The majority of the data, i.e., around
than HOaNa 40-80 %, are within thes H,0'°92 ranges of-1.0 to—0.15
and 0.15 to 1.0, indicating a fairly good agreement. Both the
mean and median values 4fH,0'°92 are close to each other
3  Water vapor evaluation: ERA-Interim vs. FISH at A HoOgra ~ 0 for all campaigns. The range of the mean

Taking all measurements together, around 30 % of the datOfA HOgk, varies from-0.19 (SPURT2001-2003) 10 0.43
) 0 - log2
are very well represented by the model Wﬁmzoggi be- ?:SLARCATZOOS). The standard deviation afHOpga
. . Wit ges from 0.23 (RECONCILE2010) to 0.99 (SPURT 2001~
tvve;en—o.15 and 0.15; i.e., there is a dewittmn oflowerthan 5503y "1y particular the SPURT campaigns, which contain
10%. ;(I;Qf majority of the data, i.e., 57%, are within the 55 from different seasons and atmospheric situations, have
A H20¢gg, bins —1to —0.15 and 0.15 to 1, and 13% are 3 |arger variance around the mean than campaigns like REC-

connected with a severe underx K—Izo'ggi < —1) orover-  ONCILE2010, which include data from one single season

estimation & H,02% > 1). Over- and underestimations are and a polar-vortex-oriented flight strategyo( Hobe et al.

found both in the stratosphere and troposphere, whereas th@l_:?- )
troposphere is characterized by larger deviations than the Figure 5 (right panels) shows the mean 2Bera

stratosphere. This is discussed in more detail in the followingand HOFisn per A H2058a bin. The mean mixing ra-

sections. tios corresponding to a nearly perfect agreement with
A Hzo',;’gi between-0.15 and 0.15 range from 7 ppmv (e.g.,

3.1 Campaign-based analysis SCOUT2005, ENVISAT2002-2003, EUPLEX2003, REC-

ONCILE2010) to 300 ppmv (e.g., POLARCAT2008). This
Since the measurement campaigns represent different gegndicates that ERA-Interim shows accurate water vapor val-
graphical and altitude regions (see Fig, the comparison yes for both very dry and much moister conditions. There
between ERA-Interim and FISH water vapor is first per- are campaigns, e.g., TROCCINOX2005, where ERA-Interim
formed for each campaign separately. significantly underestimates the measurements at water va-
Figure 5 (left panels, respectively) shows the frequency por mixing ratios larger than 50 ppmv and overestimates the
distribution of A Hzo',ggi for each campaign. The range of

Atmos. Chem. Phys., 14, 108030822 2014 www.atmos-chem-phys.net/14/10803/2014/
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Figure 5. Left panels: frequency distribution af HZOE)F%% separately for each measurement campaign. Bin siZeH)jO'é’g% is organized

according to Fig2. Only frequencies larger than 0.1 % are shown. The red solid line marks a perfect agrengngng =0). The mean
of the distribution (green solid line), the median (green dashed line) and the standard deviation (blue dashed line) are also shown. Right

panels: mean water vapor mixing ratio pleHZOEgi bin for HoOfsH (black line) and HOgRra (orange line).
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measurements for mixing ratios lower than 50 ppmv. A sim-around 13 km and are consequently assigned to the subtropi-
ilar relation for different water vapor values is shown for cal domain.

AMMA2006 also in the tropics and RECONCILE2010 in  Figure 6a, d, and g showA Hzoggi and the counts of
polar regions. Other campaigns, e.g., ENVISAT2002—-2003measurements for the three atmospheric domains with re-
and EUPLEX2003, do not show this relationship, and ERA- spect to the distance from the thermal tropopause. The counts
Interim over- and underestimates measurements larger thagre calculated for 1 km thick layers, and meHzo'ng bins

ERA
50 ppmv. _ o ~are organized as for Fig. Measurements have been made
In summary, a fairly good agreement of mixing ratios petween—10 and 5km around the tropopause in the trop-

with AHZOEgi% 0 occurs both at low mixing ratios, e.g., ical domain, between-6 and 8 km in the subtropical do-

at HoO ~10 ppmv for the TROCCINOX2005 campaign, but main and betweer 6 and 10 km in the extratropical domain.
also at high mixing ratios, e.g.,J@ ~ 300 ppmv for the PO-  Clear measurement frequency maxima are found in the vicin-
LARCAT2008 campaign. Based on this evaluation of indi- ity of the tropopause in the tropical and extratropical domain.
vidual measurement campaigns, there is generally an incread-here is a second frequency maximum found between 6 and
ing underestimation towards higher FISH mixing ratios and9 km above the tropopause in the extratropical domain, which
an increasing underestimation towards lower mixing ratios.is probably related to polar campaigns (see E)gThe sub-

To gain insight into exactly in which regions of the UTLS tropical domain is characterized by a relatively uniform ver-
over- and underestimations occur, i.e., in the troposphere otical distribution of measurements with no pronounced max-
in the stratosphere, the data of all campaigns are now andmum near the tropopause. These distributions show the rep-
lyzed relative to the positions of the tropopause and upperresentativeness of individual tropopause mdzo',ggi bins

tropospheric jet streams. and should be kept in mind when analyzing the key results in
o i the following.
3.2 Tropopause-based analysis in three atmospheric In all three atmospheric domains, over- and underestima-
domains tions of the measurements are found in the entire UTLS. The
measurement frequency peaks near the tropopause are asso-

Following Kunz et al. (2013 the measurement locations . dwith val A H.0P92 1, b 1.0and
are divided into three atmospheric domains with respect tgoated with values ol HaOggy that range betweeal.0 an

the height of the thermal tropopause (JJPIn the clima- 1.0. The LS of tlr;eztrop?cal domain is characterize_d by those
tological mean, the tropics are characterized by a thermaY@lues ofA HoOggy, on isentropes above 370K (Figa and
tropopause height above 14km, whereas in the extratropb)- Toward the extratropics, severe over- and underestima-
ics tropopause heights are usually lower than 12 km. ConliOns are found in trlwe LS. The subtropical domain is char-
sequently, the tropical and the extratropical domains are sepacterized by ax H2OZ34 roughly between-2.0 and 2.0 on
arated by the subtropical jet stream characterized by an inteisentropes above 350K in the LS (Figd and e); the extrat-

mediate tropopause height between 12 and 14 km. The FISHopical domain shows even stronger over- and underestima-

based climatology is therefore analyzed with respect to thdions in the LS; andA Hzolé’gi extends betweenr-3.3 and
three atmospheric domains: 2.0 on isentropes above 330 K (Figg and h). Thus, the
moist bias of the ECMWF model in the LS that is discussed
— tropical measurements (TROP): B 14 km; in the literature is stronger in the extratropics than in the trop-

ics. There is also a dry bias of the model in the LS that is of
comparable size to the moist bias.

In the tropical domain, the range AfHZO'ggi is lower in

— extratropical measurements (EXTROP): TR 12 km. the LS than in the UT (Figea—c). The UT of the tropical do-

_ _ main is characterized b Hzo'gg'f\ values ranging between

The separation of the FISH-based water vapor climatol-_3 3 and 2.8; i.e., underestimations with®kra 10 times
ogy according to these three domains attributes 26 % of dat@er than HOg s and overestimations with #Dgra up to
to the tropical, 17 % to the subtropical, and 57 % to the ex-7 times larger than pDgisH can be found in the tropical UT.
tratropical domain. The proposed selection allows a detailedrhe UT of the subtropical and extratropical domains are not
look at A HoOgaa for tropical and extratropical measure- characterized by such strong model deviations as in the tropi-
ment locations without mixing dynamical processes on thecg| domain. Herea Hzo'ggi is comparable between the UT
equatorward and poleward side of the subtropical jet streamyng s (Fig.6d—i).
(see Fig.1b). In addition, subtropical measurements in the  Finally, the strongest over- and underestimations with
vicinity of the subtropical jet stream are separately consid-gERA-Interim more than twice as large or more than half as
ered. For example, the measurements in-between the doysrge as the FISH measurements are found in particular in
ble tropopauses in the vicinity of the subtropical jet streamsthe tropical UT and extratropical LS. Strong underestima-

during the example MACPEX flight (see Figp, 18:00 and  tjons, i.e.,A H,Ogra < —1.0, in the UT are connected with
21:30UTC) are characterized by a thermal tropopause of

— subtropical measurements (SUBTROP):
12km< TPy < 14km;

Atmos. Chem. Phys., 14, 108030822 2014 www.atmos-chem-phys.net/14/10803/2014/
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Figure 8. Counts of data(@), meanA HoOpg, (b) and mean
H2OfsH (c) based on all Northern Hemisphere measurement cam-
o . . paigns (TROCCINOX and SCOUT are excluded) per 5K potential
FISH water vapor mixing ratios- 300 ppmv (Fig6c, fand  temperature and°sequivalent latitude bin. The equivalent latitude

i). Very low FISH water vapor mixing ratios: 10ppmv in  position of the dynamic tropopause (white circles) is shown on each
the LS up to 3km above the tropopause are overestimatef$entrope as the mean over all measurement days. Zonal mean zonal
with a A Hzo'é’gi up to 1.0 in the tropical domain and up to Wwind speed on all measurement days is represented by orange con-
2.0 in the subtropical and extratropical domains. tours.

Thus, over- and underestimations are found both in the UT
anq LS.with rather comparable strength inlggezrms of dry andmains (Fig.7b and c), wherer Hzo'.;’gi is of rather compa-
m10|s_t bias. I.n the tropics the s_p_readztv_HZOERA increases  apje size in the UT and LS.
with increasing water vapor mixing ratio from the LS toward
the UT (Fig.6c¢). This is also reflected by the correlation be- 3.3 Equivalent-latitude-based analysis on isentropes
tween BOgra and HOf sy (Fig. 7a). Thus, the correlation
between HOgra and HOfisy gets weaker toward higher The potential temperature and equivalent latitude coordi-
water vapor mixing ratios in the tropical domain. This re- nates provide an isentropic view on the relation between
lationship is weaker in the subtropical and extratropical do-H2Ogra and HOr sy (Fig. 8). Here, the isentropic concept

Atmos. Chem. Phys., 14, 108030822 2014 www.atmos-chem-phys.net/14/10803/2014/
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A S S S S isentropic PV gradients is determined accordingKienz
331-(a) 7 et al. (20113 (see also Sec®.?). This PV-gradient-based
DY Y I P - W R - tropopause well represents the dynamical and chemical dis-

5 1010l cui i e continuity between the UT and LK(nz et al, 20114 b).

f 00 Thus, it is located in the vicinity of the core of the subtropi-

5 ol ] . | cal jet stream on isentropes between 320 and 380 K &aig.

T 6ol Y. e o - Figure9 presents the quasi-horizontal distance of the FISH
Y & T [ . - i measurements at equivalent latitude from the PV-gradient-
-331 . based tropopause on isentropes between 300 and 380 K. Neg-

0 0 0 o0 w0 w e ative values represent measurements on the equatorward side
Rel. equivalent latitude of the jet stream in the troposphere and positive values on the
COUNTS e — poleward side of the jet stream in the stratosphere; see also
1 10 1000 5000 10000 15000 Kunz et al.(2011H andPan et al(2012).

The highest frequency of FISH measurements can be
found near the location of the jet stream and the dynamic
tropopause, in particular on isentropes between 310 and
370K (Fig. 8a). This area of high sampling frequency of
H2>OF sy extends at equivalent latitudes up4@0° around

the dynamic tropopause and is related toe alzo'ggi be-
tween—1.0 and 1.0 (Fig8b and Fig.9a).

In line with previous results, over- and underestimations
in the UTLS are found on middle-world isentropes both
poleward and equatorward of the subtropical jet stream. In

60 40 20 o 20 w2 e general, the mean Hzo};’gi per potential temperature and
Rel. equivalent latitude equivalent latitude bin shows overestimations, wittOdra
3 times larger than $Dgr sy and underestimations up to 10
times larger, corresponding to a mearh-lzo',ggi varying be-
tween—3.3 and 1.6 (Fig8b). Severe underestimations with a
meanA Hzolggi between-3.3 and-1.0 can be found in the
LS on isentropes above 360K at equivalent latitudes pole-
ward of 60 N. The strongest overestimations with a mean
meanA Hzo'é’gi up to 1.6 are also found in the LS poleward
of the subtropical jet stream on the 340 K isentrope. Both ar-
eas are characterized by a measOHsy between 10 and
50 ppmv (Fig.8c).

On the isentropes between 320 and 340K, there are two
areas in the UT around 20southward of the dynamic
tropopause that are connected with a mea®gky higher
Rel. equivalent latitude than 300 ppmv (Fig9c). One of these areas of highGFsH

in the UT is overestimated and the other one is underes-

timated by the model (Fig9b). Hereby, the underestima-
Figure 9. Counts of datga), mean potential temperatu(e) and tion with A Hzolé’gi up to —3.3 is stronger than the over-
mean hOr s (c) of all Northern Hemisphere measurement cam- estimation up to 2.0. In contrast, a meapQg sy of lower
paigns (TROCCINOX and SCOUT are excluded) plotted as averthan 10 ppmv in the LS up to Sthorthward of the dynamic
ages per logarithmia Hzoggi and 3 relative equivalent latitude  tropopause is largely overestimated by ERA-Interim, with
difference bin with respect to the dynamic tropopause (see whlteA H20|092 up to 2.0 (Fig9c).

circles in Fig.8). ERA

log,(A H,0)

| ]
300 310 320 330 340 350 360 370

log,(A H,0)

H,0 in ppmv

5 10 50 100 150 200 250 300

4 Water vapor evaluation: operational analyses
of equivalent latitude is used to reduce the effects of re- vs. FISH
versible transport processes such as tropospheric and strato-
spheric intrusions connected to the dynamic tropopause itJsing the FISH-based water vapor climatology, the tempo-
the UTLS Qlsen et al. 201Q Pan et al. 2012. The lo- ral development of the quality of the ECMWF operational
cation of the dynamic tropopause based on the maximunanalyses in terms of water vapor in the UTLS is analyzed
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Figure 10. Left panels: daily meam HgOIogz of operational analysis water vapor mixing ratioo®Bana , black-orange dots) over the

time for stratospheric measurements in the trop(aglsubtropical(d) and extratropical domaifg). The range between the minimum and
maximum value ofA HZO gA on each day is marked by the orange vertical bars, and the daily me@mE by the black-green dots.
Dashed red lines indicata HZOIogz between—3.32 and 3.32; black dashed lines indicate the dates when selected IFS cycles became
operational. Right panels: correlation 058 sy with HoOana (orange) and with HOgra (green) for two IFS cycle time periods (gray
shadings, left panels). The first period, i.e., IFS cycles 28r1-31r1, includes measurements from 9 March 2004 to 12 Septetnbea006 (

h), and the second period, i.e., IFS cycles 36r1-37r2, measurements from 26 January 2010 to 18 Mayf 20di) (Means per HOp|sH

bin are shown by larger dots outlined in black.

for the three atmospheric domains. This is done separateliar, from 2001 to the end of 2003 the daily meamzo',f,ﬂf\

for measurements in the stratosphere above the thermalaries betweenr-2.0 and 1.0 in the extratropical domain; i.e.,
tropopause (Figl0) and in the troposphere below the ther- the model more strongly underestimates than overestimates
mal tropopause (Fidl1). Since different IFS cycles became most of the measurements. During this time period, obser-
operational during the 11 years from 2001 to 2011, the dailyvations are mainly from the SPURT campaign in different
mean ratio between the operational analysis and FISH wateseasons, which may likely have an influence on the variabil-

vapor, A Hzof,%i, is presented. In addition, the range be- ity of the daily meanA Hzof,?,i from 2001 to 2003. Com-

tween the maximum and minimurh Hzolli’,?,i is presented paring the daily mea Hzol/f,%i between the time periods

for each smgle measurement day. For comparison, the dailyefore 2004 and after 2009 shows ﬂZfﬁHzol/gﬂi yields a
meanA HZOERA is also discussed, which represents the IFSvalue close to the perfect agreemenH,0O= 0 more often
cycle 31r2, taken for operational forecasting from 12 Decem-in the later period, in particular in the tropical LS (FiDa).
ber 2006 until 5 June 2007. Figure10 (middle and right column) shows the correlation
Over the entire period between 2001 and 2011 the dailyof HoOp gy with HoOana and with HhOggra for two selected
meanA Hzof,?,i varies between-1.0 and 1.0 within the time periods with IFS cycles 28r1-31r1 (9 March 2004 to 12
stratosphere of the tropical domain (FitOa). The daily = September 2006) and IFS cycles 36r1-37r2 (26 January 2010
meanA H,02% varies stronger in the LS of the subtropi- t0 18 May 2011). There is the tendency that strong overes-

cal and extratropical domains (Fig0d and g). In particu- timations withA Hzof,?,i > 1.00 are related to $Dr sy of
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Figure 11. As Fig. 10 but for tropospheric measurements in the three different atmospheric domains.

lower than 5 ppmv. This is observed for IFS cycles 28r1-31r14, which may well show the improvement of the later model
and 36r1-37r2, e.g., in the subtropical domain (e.g., F)g.  cycle compared to the model cycle used for ERA-Interim.
middle row). Thus, the tendency of the model to overestimate In the troposphere, there is also strong variability of the
low mixing ratios remains for both IFS cycles. In contrast, daily meanA Hzo'/‘:ng from 2001 to 2011 both in the tropical
underestimations with a Hzo',f,%f\ < —1.00 are observed and the extratropical domain (Fif@j1, top and bottom row).
for measurements higher than 20 ppmv. These strong devian the first years after 2007 the range M-izof,?,i in the
tions from the measurements are found in the LS of the subextratropical troposphere increases, which may be due to the
tropical and extratropical domains of IFS cycles 36r1-37r2increased amplitude of tropical and extratropical mesoscale,
(Fig. 10f and i). The LS of the subtropical domain shows that synoptic and planetary perturbations after the model changes
strong overestimations are reduced with a bette®klia to convection and diffusion parameterization. The increase of
than FOgra for measurements higher than 20 ppmv of IFS A 4,0/°92 after 2007 is weaker in the extratropical strato-
cycles 36r1-37r2 (Figl0f). These areas of improvement i sphere than in the extratropical troposphere (Figand11,
the operational analysis data can be traced back solely ottom row). This may be due to the fact that humidity data
measurements performed during the MACPEX campaign inyre not assimilated above the tropopause. Nevertheless, other
2011, e.g., the MACPEX flight on 11 April 2011 (Fi§2a  changes of data assimilation and model resolution may con-
and c). A detailed study of this flight sh_ows in the S”btrf’p" tribute to the observed increasemﬂ—lzo':ﬂi in the extrat-
cal LS Wgh HOF sy > 20 ppmv a clﬁar |mprovertr)1ent, with ropical troposphere after 2007.
H>0 etter representin than O etween .
1§:2§N§nd 18:35 BTC (Figlgzi)?.ﬂl?ﬁe meall_sburgxents during When comparingy Hzof,%i between the stratosph_ere and
that time period are influenced by the presence of a secongw troposphere fqr single years, e.g., 2006, there IS the ten-
ency for the tropical troposphere to be characterized by a

thermal tropopause in the LS (Fij2a). In addition, these ) log2 )
jarger variance ofA H2Oxy than the tropical stratosphere

measurements are performed in the vicinity of the thermal'®’ ;
tropopause where large gradients ofQHappear. This is a (Figs.10and11, top rows). In contrast, the extratropical tro-
log2

further case study besides the example shown in Bigad  Posphere is characterized by a lower variancé éf,0 3
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Figure 12. Same as Fig3 but for a special flight segment during the MACPEX flight on 11 April 2011.

than the extratropical stratosphere, in particular for the pe-The advantage of the FISH-based water vapor climatology is
riod before 2004 (Figsl0 and 11, bottom rows). This may that water vapor is measured with a high accuracy through-
well show the difficulty to accurately simulate the influ- out the entire UTLS, a region where satellite data have dif-
ence of tropical tropospheric processes as well as extrafficulties to accurately measure trace gas distributions. The
ropical stratospheric processes on the water vapor distribuFISH-based water vapor climatology allows a detailed eval-
tion. Similar to the stratosphere, the correlation of0d sy uation of simulated water vapor fields separately for tropical
and HOana in the troposphere shows the tendency of theand extratropical regions.

model to overestimate low and underestimate high mixing The UTLS distribution of ECMWF (re)analysis water va-
ratios (Fig.11, middle and right columns). The tendencies in por fields is evaluated using novel analysis methods. Tropi-
over- and underestimations are also observed in the UT otal, subtropical and extratropical domains are identified ac-
the case study in Figl2b during 18:00-18:15 and 18:45— cording to their characteristic thermal tropopause heights,
19:00 UTC. These time periods indicate no clear improve-i.e., larger than 14 km and lower than 12 km. The ratio be-
ment of the model cycle since g sy is not better repre-  tween modeled and observed water vapor mixing ratio is pre-
sented by HOana than by BOggra for large parts of this  sented in different coordinate systems, i.e., in relative verti-
flight. Thus, there is no clear improvement of the operationalcal distances with respect to the thermal tropopause and in
analyses compared to ERA-Interim, indicating that problemsrelative equivalent distances on isentropes with respect to
remain irrespective of the data assimilation cycle and modethe dynamic tropopause. These different considerations are
resolution. well suited for the interpretation of the possible influence
through diabatic or adiabatic dynamical processes, i.e., cross-
isentropic and isentropic transport, respectively.

The two main aims of this study are the quantification
of the agreement between observed and reanalyzed (ERA-
The latest reanalysis product, the ERA-Interim data set, andnterim) water vapor fields and the investigation of the
the operational analysis product by the ECMWF are eva|_change of the water vapor re_preser.ltano.n in ECMWF oper-
uated using the global FISH-based water vapor climatol-ational gnalyses for tlme_: periods with different IFS cycles.
ogy. This climatology represents a valuable data set of high-The main results from this work are as follows:
quality airborne water vapor measurements performed dur-
ing 10 aircraft campaigns from 2001 to 2011 (see Tdble

5 Summary and discussion
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— There is generally a good agreement between ERA-

Interim and FISH water vapor mixing ratio; i.e.,
H20F sy and BbOgRra, in most parts of the UTLS. The
ratio A Hzo'é’gi is between—1.0 and 1.0 for around
87 % of all observations, i.e., #Dgra May be half

or twice as large as ¥Dgisy. About 30% of these

measurements are nearly perfectly represented by the

model, with A Hzolé’gi between-0.15 and 0.15; i.e.,
positive and negative deviations are lower than 10 %.
However, ERA-Interim significantly over- and under-
estimates the FISH measurements for 13 % of the data
with A Hy0P% values of—3.3 or 3.3; i.e., the model
may be 10 times lower or higher than the observations.

The tropical LS is well represented by the model; i.e.,
A Hzolggi is between—1.0 and 1.0 in the region be-
tween the thermal tropopause up to 5 km above. This re-
sult is in particular reflected on isentropes above 370 K
on the equatorward side of the dynamic tropopause. In

contrast, the tropical UT is characterized by severe over- —

and underestimations. In the region between 9km be-
low the thermal tropopause up to the thermal tropopause
AHZOEgi is observed between3.3 and 3.3. Here,
this result is verified for a large isentropic range be-
tween 310 up to 370 K on the equatorward side of the
subtropical jet stream. Convective processes in the en-
tire tropical troposphere may be a reasonable dynamical
process responsible for those severe deviations between
H20gra and HOf sy over a large range of isentropes.

In the extratropical LS at altitudes higher than 4km
above the thermal tropopause the deviations between
H2OgRra and HOg sy are similar to the tropical LS; i.e.,

A Hzoggi varies between-1.0 and 1.0. In the entire
region+4 km around the thermal tropopause the values
of A Hgolé’gi vary between-3.3 and 2.0; i.e., bOera

may be 10 times lower or 4 times larger thapQ# sy

near the extratropical tropopause. Dynamical processes
playing a role in the vicinity of the thermal tropopause
as isentropic exchange processes between the UT and
LS may favor these large model deviations in the extra-
tropical UTLS.

There is the tendency toward an overestimation of low
water vapor mixing ratios and an underestimation of
high water vapor mixing ratios. In particularpoBg sy

10819

the moist bias in the LS near the tropopause that is dis-
cussed in the literature (e.@yroff etal, 2014 is larger

in subtropical and extratropical regions than in the trop-
ics. In general, there is also a dry bias of the model in
the UTLS that is of comparable size to the moist bias.

Similar to ERA-Interim, the operational analyses have
the tendency to overestimate low water vapor mixing
ratios in the LS and underestimate high mixing ratios
in the UT. A case study of yOana for a particular
MACPEX flight in 2011 shows that the overestima-
tion of water vapor near the flanks of the subtropical
jet stream is reduced by a factor of 2 compared with
H2Ogra (Fig. 4). Further, in the subtropical LS the un-
derestimation of water vapor is stronger fop®kra
than for HOana. This may well reflect the improve-
ment of the model cycle used in 2011 fop®hna that
benefits from several relevant changes compared to the
model cycle used in 2007 fordDgRra.

In our study, the tropical troposphere and the extratrop-
ical UTLS turn out to be atmospheric regions with chal-
lenging dynamics where both ERA-Interim and the op-
erational analyses have significant deviations from the
observations. Nevertheless, there is no clear difference
between HOgra and HOana in the UTLS during the
entire period between 2001 and 2011. This suggests that
problems remain concerning the data assimilation cy-
cle and model resolution to accurately simulate the in-
fluence of atmospheric processes on the UTLS water
vapor distribution. In particular, the influence of tro-
pospheric processes is particularly challenging for the
assimilation system. These processes include deep con-
vection, cloud microphysics and transport. Additionally,
extratropical dynamical processes like mixing, cross-
tropopause exchange and convective injections into the
lower stratosphere (e.gSchiller et al, 2009 Ravis-
hankara2012 Ploeger et a)2013 may affect the qual-

ity of ECMWF (re)analyses water vapor in the extra-
tropical lower stratospherd®yroff et al. (2014 indi-
cated an insufficient model resolution of small-scale in-
trusions of air masses in the UTLS, and an influence
of numerical diffusion associated with the advection
scheme in the vicinity of sharp humidity gradients at
the tropopause may play a role. These issues may also
be possible contributors to the model bias in the lower
stratosphere; see alStenke et al(2008.

of higher than 300 ppmv in the UT on the equatorward  tpg regyits of this study might be biased because of the
side of the subtropical jet stream within the tropics, Sub- iterent flight strategies of the campaigns included in the

tropics and extratropics is connected with a severe un

derestimation related toa Hzo'ggi upto—3.3.Incon-

FISH-based water vapor climatology. However, this study
represents a comprehensive overview of the ECMWF water

trast, most of the bOrisk that is lower than 10ppmv.  yapor distribution in the UTLS from the tropics toward the
in the LS is overestimated. Here, the overestimation ispoles and a validation with independent observations. The re-

lower in the tropics A HgO'é’gi up to 1.0) than in the

subtropics or extratropicss(HZO'é’gi up to 3.3). Thus,

www.atmos-chem-phys.net/14/10803/2014/

sults of this study are therefore particularly relevant for stud-
ies of the UTLS using ERA-Interim water vapor fields. These
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data have been frequently used for climatologies and trend balloons and sondes campaign in West Africa, August 2006:
studies over the past 30 years. Furthermore, the assessmentrationale and roadmap, Atmos. Chem. Phys., 10, 2237-2256,
of operational analyses of water vapor is valuable informa- doi:10.5194/acp-10-2237-2012010.

tion for future developments of the ECMWF model and also Castanheira, J. M., Peevey, T. R., Marques, C. A. F., and Olsen,
as they are sometimes used as input data for numerical mod- M. A.: Relationships between Brewer-quson circulation, dou-
eling of ice clouds. The correct simulation of the onset ofice  2€ 'opopauses, ozone and stratospheric water vapour, Atmos.

. - . . Chem. Phys., 12, 10195-10208, d6i:5194/acp-12-10195-
nucleation and the prediction of ice clouds in the UT, e.g., 2016212012)/ P

based on coupled versions of Lagrangian and microphysic%ee’ D. P, Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,

models, are particularly dependent on the quality of the input p_ Kobayashi, S., Andrea, U., Balmaseda, M. A., Balsamo, G.,

water vapor fields. Bauer, P., Bechtold, P., Beljaars, A. C. M., von de Berg, L., Bid-

lot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer,
A. J., Haimberger, L., Healy, S. B., Hersbach, H., H6Im, E. V.,
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