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Abstract

The atmospheric water vapor content is one of the most important parameters for the hydro-
logical cycle. In order to investigate the energy and water balance over the BALTEX study
region this report describes comparisons of specific humidity profiles of the hydrostatic High
resolution Regional weather forecast Model HRM of the Deutscher Wetterdienst (DWD) with
profiles derived from spaceborne radio occultation data of GPS/MET and CHAMP and com-
parisons with the vertically integrated water vapor (IWV) of different networks of groundbased
GPS receivers within Europe.

High correlations (with a correlation coefficient around 0.9) between the HRM IWV and GPS
IWYV were found. It is shown that the analysis data used to initialize the HRM model can explain
a large part of the mean difference between the IWV from the model and the GPS data.

Specific humidities and the IWVs were determined from the refractivity profiles of the radio
occultations of GPS/MET and CHAMP/GPS using an iterative algorithm of Gorbunov and
Sokolovski (1993). The comparisons of the specific humidity profiles have shown that both
receivers, GPS/MET and CHAMP/GPS, measure significantly lower mean specific humidities
below about 4 km than HRM. This is e.g. supported by comparisons between the HRM model
and the ECMWEF analysis data, between the HRM model and radiosonde ascents at Lindenberg/
Germany (which have shown lower mean absolute differences of about 0.2 g/kg) as well as
between HRM and further spaceborne data like AMSU-A/B and TERRA/MODIS.

Comparisons between CHAMP/GPS and AMSU-A over oceans and AMSU-B over Antarctica
show the high value of GPS radio occultations for applications worldwide.

GPS-Atmosphéren-Sondierung — Ein innovativer Ansatz zur Bestimmung atmosphé-
rischer Parameter

Arbeitspaket 232 — Validation eines Regionalmodells — BALTEX — und Beitrige zu den
Arbeitspaketen 341 und 344

Zusammenfassung

Der atmosphirische Wasserdampf ist einer der wichtigsten Parameter des Wasserkreislaufes.
Im Rahmen der Untersuchung des Energie- und Wasserkreislaufes iiber dem BALTEX-Gebiet



beschreibt dieser Bericht Vergleiche von Vertikalprofilen der spezifischen Feuchte (IWV), die
mit dem hydrostatischen und hochauflésenden Wettervorhersagemodell HRM (High Resolution
Regional Model) des Deutschen Wetterdienstes bestimmt wurden, mit Profilen, die aus Radio-
okkultationsdaten von GPS und CHAMP abgeleitet wurden. Dariiberhinaus werden Vergleiche
des vertikal integrierten Wasserdampfes, bestimmt mit verschiedenen GPS Netzen iiber Europa,
mit dem HRM-Modell verglichen.

Hohe Korrelationen (mit Korrelationskoeffizienten um 0,9) wurden zwischen HRM IWV und
GPS IWYV gefunden. Dariiberhinaus wurde gezeigt, dass die Analysedaten, welche zur Initiali-
sierung des HRM-Modells verwendet wurden, einen groflen Teil der mittleren Differenz
zwischen HRM IWV und GPS IWV erkliren kénnen.

Zur Bestimmung der Profile der spezifischen Feuchte aus Radiookkultationsdaten von GPS/MET
und CHAMP diente ein iterativer Algorithmus von Gorbunov und Solkolovski (1993). Die Ver-
gleiche der spezifischen Feuchteprofile mit HRM haben gezeigt, dass beide Empfanger, GPS/MET
und CHAMP/GPS, signifikant niedrigere spezifische Feuchte unterhalb von 4 km Hohe bestim-
men. Dieses wird unterstiitzt durch Vergleiche zwischen dem HRM-Modell und ECMWEF-
Analysedaten, zwischen HRM und Radiosondenaufstiegen in Lindenberg (Deutschland) sowie
zwischen HRM und weiteren Satellitendaten wie AMSU-A/B und TERRA/MODIS. Radio-
sondendaten zeigten dabei niedrigere mittlere Differenzen zum HRM von etwa 0,2 g/kg.

Vergleiche zwischen CHAMP/GPS und AMSU-A iiber den Ozeanen sowie AMSU-B iiber der
Antarktis zeigen den grofBen Wert der Radiookkultationsdaten fiir Anwendungen weltweit.

Manuscript received / Manuskripteingang in TDB: 20. November 2003
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Chapter 1

Introduction

Water vapor is a key element in the climate of the Earth and in the hydrological cycle
which describes the movement of water within and between the Earth’s atmosphere,
oceans, and continents. Water vapor is the most variable of the major components
of the atmosphere (Bevis et al., 1992) and a critical element in short term numerical
weather prediction (Kuo et al, 1993, 1996; Cucurell et al., 2000). Due to the transfer
of energy via its phase changes it drives atmospheric circulations. It is also the
dominant greenhouse gas (e.g. Jones and Mitchell, 1991; Read et al., 1995).

To observe the vertically integrated water vapor (IWV) within the atmosphere
different groundbased and spaceborne remote sensors are available, e.g. radiosondes,
Raman lidar, Global Positioning System receivers, AMSU receivers onboard the
NOAA Polar Orbiting Satellites (e.g. Weng et al., 2000, Johnsen and Kidder, 2002;
Johnsen et al., 2002), ERS-2/InSAR (e.g. Hanssen et al., 1999), the Special Sensor
Microwave Imager (e.g. Schliissel and Emery, 1990) or the Special Sensor Microwave
Water Vapor Sounder (SSM/T2; Miao, 1998). While spaceborne remote sensors
improve the spatial coverage compared with radiosondes the groundbased receivers
allow a significant improvement of the temporal resolution. For a more complete
review of the different systems and further details see Raschke (2002).

In order to investigate the water and energy balance over the BALTEX! region
and its catchment this report describes

e comparisons of the vertically integrated water vapor as determined by networks
of groundbased GPS receivers within Europe with the hydrostatic numerical
weather prediction (NWP) model HRM (High resolution Regional Model) of
the Deutscher Wetterdienst (WP 232) and

e comparisons between the specific humidities derived from the HRM model, dif-

ferent spaceborne GPS radio occultations, radiosondes, and further spaceborne
data (AMSU-A/B and TERRA/MODIS, WP 341/344).

Comparisons between CHAMP /GPS and AMSU-A over oceans and AMSU-B over
Antarctica show the high value of GPS radio occultations for applications worldwide.

'The BALTic Sea EXperiment (BALTEX) is one of the continental scale experiments of the Global
Energy and Water Cycle Experiment (GEWEX) build up by the World Meteorological Organization
(WMO), the International Council of the Scientific Union (ICSU), and the Intergovernmental Oceano-
graphic Commission, (IOC). For further details about BALTEX see e.g. Raschke et al. (2001) or
http: //w3.gkss.de/baltex/baltex/.
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Chapter 2

Groundbased and spaceborne GPS
data

The US Global Positioning System (GPS) constellation currently consists of 29
satellites orbiting on six different planes inclined at 55°. Each satellite orbit is
circular with a period of about 12 h and an altitude of 20200 km. It can be used
to actively measure properties of the Earth’s atmosphere and ionosphere by using
groundbased or spaceborne receivers (Kursinski et al., 1997). The signals at both
GPS frequencies (L; = 1.57542 GHz and L, = 1.22760 GHz) are delayed and
refracted by the gases composing the atmosphere. Due to its permanent dipole
moment, atmospheric water vapor introduces a significant and unique delay (for
other components and their influence see e.g. Solheim et al., 1999).

The radio occultation technique has been applied for three decades to study
planetary atmospheres of Mars (Fjeldbo and Eshleman, 1968), Venus (Fjeldbo and
Kliore, 1971), Jupiter (Kliore et al., 1975; Hinson et al., 1997), Saturn (Lindal et
al., 1985), Uranus (Lindal et al., 1987), and Neptune (Lindal, 1992).

Since the launch of the Low Earth Orbiter (LEO) Microlab-1 with the GPS/MET
receiver onboard in April 1995 some satellites are carrying GPS receivers: The US-
German satellite CHAMP (CHAllenging Microsatellite Payload) has obtained radio
occultation profiles for around one year and about 215 profiles per day in 2002 (168
on average in 2001). Since the 10th of July 2001 radio occultation data from the
US-Argentinian mission SAC-C are also available. Different missions with one or
more GPS receivers are launched or planned, e.g. the US-German GRACE mission
(e.g. http: //op.gfz—potsdam.de/grace/index GRACE.html), or the US-Taiwanese
COSMIC mission (e.g. http://www.cosmic.ucar.edu).

Limb sounding observations of the Earth’s lower troposphere by a GPS receiver
onboard a LEO allow to obtain sufficient accurate vertical profiles of temperature
or water vapor. Future missions like the Earth Opportunity Mission ACE+ (Atmo-
sphere and Climate Explorer Mission; Hoeg and Kirchengast, 2002) of ESA or the
BRIGHTOC mission (Bi-static Radar Imaging of Geopotential, Humidity, Temper-
ature, Ozone and Clouds, Kursinski et al., 2002) of NASA will use the LEO-LEO
concept. By using phase and amplitude of several monochromatic signals near the
22 GHz water vapor line and (in case of BRIGHTOC) also at the 183 GHz water
vapor line and the 195 GHz ozone line, these missions will allow to obtain absorption
profiles as well as refractivity profiles. In contrast to the other missions mentioned
these mission will allow to determine both quantities, water vapor and temperature,
together.
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To derive the water vapor from the radio occultation refractivity profiles an algo-
rithm similar to that of Gorbunov and Sokolovskij (1993) was applied: This iterative
algorithm starts with the assumption of a dry atmosphere and calculates the density
using the ionosphere free refractivities NV together with an interpolated temperature
profile T taken from ECMWF or an numerical weather predition (NWP) model.
The refractivities were derived by the GeoForschungsZentrum (GFZ, Potsdam) or
the University Corporation for Atmospheric Research (Hajj et al., 2002) using the
Abelian inversion. The hydrostatic equation is applied to obtain the pressure profile
P(z) using the constant of gravity g which is calculated according to

g = (1-0.0026373cos¢ — 5.9 x 107% cos® ¢) x (2.1)
X(1—3.14 x 107%2) X gu5

from the height z and the latitude ¢ of the occultation. g¢45 is the constant of gravity
at 45° latitude with g45 = 9.80616 m/s?. The refractivity NV is related to atmospheric
parameters via

N(z) = m% + @?;—8 —40.3 x 106"?5) + (2.2)
O(i) + ay Wiy (2) + a;W;(2).

f3

P is the pressure, T' the temperature, P, is the water vapor pressure, n, the electron
density, f the operating frequency, W,, and W; the liquid water and ice content, re-
spectively. The last two terms are small compared to the others and will be neglected
here. A ionospheric correction is applied according to Vorob’ev and Krasil’nikova
(1994) and we restrict our considerations to the troposphere, thus the third and
fourth term are also neglected. Here the constant k; is equal to 77.6 K/hPa, ko
is 3.73 x 10°K?/hPa, a,, is 1.4 x10°m?/kg and «; is 0.6x10°m/kg. From equation
(2.2) the water vapor pressure profile will be calculated and from

0.622 x P, (2)
P(z) —0.378 x P,(z)

q(z) = (2.3)

the specific humidity profile ¢(z). These equations were iterated to obtain profiles
of P(z), Py(z) and ¢(z). Less than four iterations were necessary. Finally a cubic
spline of ¢(z) was integrated from the surface up to the uppermost layer to obtain
the vertically IWV.

For comparisons of the vertically integrated water vapor the network of the GFZ
mainly over Germany and the SWEPOS network over Sweden and Finland were
applied. For further details see chapter 4.



Chapter 3

The High Resolution Regional
Model HRM

The hydrostatic High resolution Regional Model HRM of the Deutscher Wetter-
dienst (DWD) is compared with groundbased GPS, GPS radio occultation data,
AMSU-A, TERRA/MODIS, radiosonde and ECMWF data. It is nearly the same
as the regional forecast model Europamodell (EM) of the DWD (Majewski, 1991).

Table 3.1: Parameter calculated with the HRM model. !: Dimension in latitude, longitude
and height. See also next table.

Element Description Unit Dimension!
AK AK — Hybrid level parameter 1 31,0,0
BK BK — Hybrid level parameter 1 31,0,0
FIS Orography x g m? /52 241, 241, 0
Z0 Roughness length total m 241, 241, 0
FRpanvp | Land fraction of surface 1 241, 241, 0
SOILTYP | Soil type 1 241, 241, 0
PLCOV Plant cover % 241, 241, 0
ROOT Root depth m 241, 241, 0
U U-velocity m/s 241, 241, 30
A% V-velocity m/s 241, 241, 30
T Temperature K 241, 241, 30
QV Specific humidity kg/kg 241, 241, 30
QC Cloud water kg/kg 241, 241, 30
PS Surface pressure Pa 241, 241, 0
Tsnow Temperature at top of snow K 241, 241, 0
Ta Surface temperature K 241, 241, 0
Tg Temperature at bottom of snow K 241, 241, 0
Tar Temperature at bottom of 1. soil layer K 241, 241, 0
Ter Climat. temperature at bottom of the soil | K 241, 241, 0
Wsnow Water content of snow mmH,O | 241, 241, 0
Wi Water content of interception storage mmH,O | 241, 241, 0
Wai Water content of 1. soil layer mmH->O | 241, 241, 0
Wee Water content of 2. soil layer mmH,0 | 241, 241, 0

11
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Table 3.2: Parameter calculated with the HRM model (cont.).!: Dimension in latitude,
longitude and height. TOA: top of atmosphere; BOA: bottom of atmosphere.

Element Description Unit Dimension'
QVs Specific humidity at the surface kg/kg 241, 241, 0
Tonr 2 metre temperature K 241, 241, 0
TDos 2 metre dew point temperature K 241, 241, 0
Uiom 10 metre U-velocity m/s 241, 241, 0
Vionm 10 metre V-velocity m/s 241, 241, 0
TKVM Diffusion coefficient of momentum m? /s 241, 241, 30
TKVH Diffusion coefficient of heat m?2/s | 241, 241, 30
SOHRRgap | Solar radiation heating rate K/s 241, 241, 30
THHRRap | Thermal radiation heating rate K/s 241, 241, 30
CLC Cloud Cover % 241, 241, 30
ALBgrap Shortwave albedo at the surface 1 241, 241, 0
SOBSgrap | Solar radiation balance at the surface W/m?2 | 241, 241, 0
THBSgap | Thermal radiation balance at the surface | W/m? | 241, 241, 0
SOBTgrap | Solar radiation balance at TOA W/m?2 | 241, 241, 0
THBTg4p | Thermal radiation balance at TOA w/ m? | 241, 241, 0
CLCH High cloud cover % 241, 241, 0
CLCM Medium cloud cover % 241, 241, 0
CLCL Low cloud cover % 241, 241, 0
CLCT Total cloud cover % 241, 241, 0
ASOBg Average solar rad. balance at BOA W/m? | 241, 241, 0
ATHBg Average thermal rad. balance at BOA W/m? | 241, 241, 0
APABg Average photosynt. act. rad. bal. at BOA | W/m? | 241, 241, 0
ASOBr Average solar radiation balance at TOA W/m? | 241, 241, 0

It allows to derive as prognostic variables the surface pressure, the temperature,
water vapor, cloud water, and the horizontal wind components. It is based on a
rotated spherical Arakawa C-grid with hybrid vertical coordinates and is derived
from a geographic system which is rotated by Eulerian angles such that the North
pole is moved to a new position. For all calculations shown within this report the
latitude of the North Pole was 32.5° N and the longitude 170.0° W. A mass flux con-
vection scheme after Tiedtke (1976) and a delta-two-stream radiation scheme after
Ritter and Geleyn (1992) for short- and longwave fluxes enabling the full cloud-
radiation feedback mechanism are included. A two-layer soil model after Jacobsen
and Heise (1982) including the snow and the interception storage is also included.
The lateral boundaries are handled numerically such that large-scale meteorological
systems can be taken from the driving model with as little damping as possible.
Small-scale systems and gravity waves are able to leave the model domain without
to much reflection at the lateral boundaries. The HRM uses the method of Davies
(1976). This method has proved to be successful in a number of operational regional
models.

The HRM used as boundary conditions interpolated 6-hourly EM3AN analyses

of the Europa-Modell of the DWD or 6-hourly analyses of the ECMWEF (European
Centre for Medium-Range Weather Forecast). Three different runs were performed:
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Table 3.3: Parameter calculated with the HRM model (cont.).!: Dimension in latitude,
longitude and height. TOA: top of atmosphere; BOA: bottom of atmosphere.

Element Description Unit Dimension'
ATHBr Average thermal radiation balance at TOA | W/m? 241, 241, 0
CLCcon Convective cloud cover % 241, 241, 30
DTcon Temperature tendency due to convection K/s 241, 241, 30
DQVecon Spec. humidity tendency due to convect. kg/(kg x s) | 241, 241, 30
DUcon Zonal wind tendency due to convection m/s? 241, 241, 30
DVeon Meridional wind tendency due to convect. | m/s? 241, 241, 30
PRRcon Precipitation rate, rain, convective kg/(m?xs) 241, 241, 0
PRScon Precipitation rate, snow, convective kg/(m?xs) 241, 241, 0
BAScon Base index of main convective cloud 1 241, 241, 0
TOPcon Top index of main convective cloud 1 241, 241, 0
HBAScon | Base height of main convective cloud m 241, 241, 0
HTOPgon | Top height of main convective cloud m 241, 241, 0
HTOPp¢ Top height of dry convection m 241, 241, 0
DQCgsp Cloud water tend of grid scale precip kg/(kgxs) | 241, 241, 30
QRSgsp Precip. particles for water load. kg/kg 241, 241, 30
PRRgsp Precipitation rate, rain, grid scale kg/(m?xs) 241, 241, 0
PRSgsp Precipitation rate, snow, grid scale kg/(m?xs) 241, 241, 0
RAINgsp Precipitation amount, rain, grid scale kg/m? 241, 241, 0
SNOW¢gsp | Precipitation amount, snow, grid scale kg/m? 241, 241, 0
RAINcon | Precipitation amount, rain, convective kg/m? 241, 241, 0
SNOW¢on | Precipitation amount, snow, convectiv kg/m? 241, 241, 0
RUNOFFg | Surface water run-off kg/m? 241, 241, 0
RUNOFFg | Ground water run-off kg/m? 241, 241, 0
AUMFLg Average u-momentum flux at the surface kg/(mxs?) 241, 241, 0
AVMFLg Average v-momentum flux at the surface kg/(mxs?) 241, 241, 0
ASHFLg Average sensible heat flux at the surfac W /m? 241, 241, 0
ALHFLg Average latent heat flux at the surface W /m? 241, 241, 0

For the PIDCAP period (Pilot Study for Intensive Data Collection and Analysis of
Precipitation; August 1 to November 17, 1995) two runs with different analysis data
(EM3AN and ECMWF) were calculated and for the BALTEX /BRIDGE period
(between 1st of October 1999 and 28th of February 2002) the ECMWEF analysis
data were applied. The model was initialized by interpolation of the 0 h analysis. It
calculated the water vapor with a horizontal resolution of 0.125° (about 14x 14 km?)
in 30 vertical layers up to about 25 km height and the other parameters as shown in
tables 3.1 to 3.3. The vertical coordinate 1 of the model defines a so called hybrid
system where = n(p,ps) is a monotonic function of the pressure p and depends
also on the surface pressure ps. The time step was chosen to 90 s. Consecutive 30 h
forecasts starting each day at 0 UTC including a 6 h spin-up time of the model were
performed.
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Chapter 4

Groundbased GPS data

4.1 Comparisons with NWP model data of the PIDCAP
period

The quality of the technique to estimate the IWV from groundbased GPS mea-
surements has been considered in many studies with up to 25 GPS receivers (e.g.
Rocken et al., 1993, 1995; Emardson et al., 1998). Here we are using a dataset of
the EU funded project NEWBALTIC (Numerical Studies of the Energy and Water
Cycle of the Baltic Region) obtained from 20 continuously operating GPS stations
in Sweden (SWEPOS network) and 5 sites in Finland, belonging to the Finnish per-
manent GPS network (Figure 4.1). The data were obtained from the Onsala Space
Observatory, Onsala, Sweden, and the Finnish Geodetic Institute. Details about
the measurement procedure were described e.g. by Emardson et al., 1998.
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Figure 4.1: BALTEX area with NEWBALTIC stations (plus symbols) and GPS/MET
radio occultations (points) during PIDCAP.
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Figure 4.2: Left: Comparison of the vertically IWV derived from HRM and from the
NEWBALTIC groundbased network. r is the correlation coefficient between both datasets
and z,, and ¥,,, are the mean values of the GPS IWV and HRM IWVs, respectively. o, and
oy are the standard deviations between the least square fit and the GPS IWV or HRM
IWYV, respectively, and N is the number of measurements. Right: Comparison of the
vertically IWV derived from 6-hourly ECMWF-analyses as initial fields for HRM and from
the NEWBALTIC groundbased network within the PIDCAP period. For explaination of
T\Ym»Tm,0z,0y and N see left Figure.

The GPS data were obtained every 5 min., while hourly derived forecasts with
the HRM model were compared with one hour mean values of the GPS network.
Thus altogether 39366 matches were obtained within these roughly 3.5 months of
the observation period. Figure 4.2 (left) shows the comparison of the vertically IWV
derived from HRM and from the NEWBALTIC groundbased network. The HRM
model overestimates slightly the IWV as derived from GPS data (~ 0.74 kg/m?).
The standard deviation oggy = 2.555 kg/m2 is about 6 % of the total range of
IWV measurements. A linear regression between the GPS data (G) and the HRM
model (H) gives H = 0.40 + 1.01 x G.

Table 4.1 shows the differences between the IWV as derived from the HRM model
and from the GPS data. The columns show the differences when different analysis
data are used to initialize the HRM forecast model. EM3AN and ECMWF analysis
show larger IWV compared to the GPS data. The differences are larger by using the
EM3AN analysis data of the Europa model of the DWD in comparison with use of
ECMWEF analysis data (Figure 4.2 right). The standard deviations are also slightly
larger. The table shows that the mean differences can mainly be explained by the
different analysis data, e.g. the HRM IWV as well as the IWV of the analysis data
show higher mean values than the GPS TWV data. Especially the mean difference
between the EM3AN analysis data as initial fields in the HRM model and the HRM
IWV is very low (0.08 kg/m?). The correlation coefficients between GPS data and
the model data are large (larger than 0.92).
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Table 4.1: CC means correlation coefficient and HRM — GPS (Analysis — GPS) the
mean differences between the IWV of the HRM (IWV of the analysis data) and the GPS
data. The columns show the different results obtained with ECMWF analysis data or
with EM3AN analysis data as initial fields for the HRM model. ogry and o anaiysis are
the standard deviations of the IWV of the HRM model and the analysis compared with
the NEWBALTIC GPS data, respectively.

ECMWF-Analyses EMB3AN-Analyses

CC HRM 0.937 0.935
CC Analysis 0.946 0.925
HRM-GPS 0.74 kg/m? 2.69 kg/m?
Analyses-GPS 0.23 kg/m? 2.77 kg/m?
OHRM 2.555 kg/m? 2.756 kg/m?
O Analysis 2.336 kg/m? 2.841 kg/m?

4.2 Comparisons with NWP model data of the BRIDGE
period

!
0258, 0266
AULM 1 =

L - - _ N N HREL B ) FE e

Figure 4.3: 74 GFZ/GPS stations mainly within Germany used within this study. Blue
colored station names show stations equipped without pressure sensors while red colored
station names show stations with pressure sensor.
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Table 4.2: Mean differences and standard deviations between the IWV determined with
the HRM model (HRM), from the GPS data (GPS) and from the ECMWF analysis data
(ANA) used as boundary data for the initialisation of the HRM model. P: surface pressure,
int: interpolated, obs: observed. ! : RMS? = Mean difference?+Standard deviation?.

P Meas. | HRM-ANA  RMS! | ANA-GPS  RMS!
No. [kg/m?]  [kg/m?] | [kg/m?’]  [kg/m?]
int. 27700 | 0.03+2.31 231 | —0.18+209 2.10
obs. 25071 | —0.014+2.30 230 | 040+181 185
all 52771 | 0.01+£231 231 | 010+£1.99  1.99

P Meas. HRM-GPS RMS! Station

No. [kg/m?] [kg/m?] No.
int. 219916 | —0.20 £ 2.58 2.58 50
obs. 205547 | 0.36 £2.29 2.32 24
all 425463 | 0.08 +2.47 247 74

Here the GPS constellation together with a dense network of groundbased re-
ceivers is used to get a high spatial and temporal resolution of the vertically in-
tegrated water vapor over Germany (Figure 4.3). The GPS network consists of
stations of the SAPOS network (SAtelliten POSitionierdienst) of the German Land
Surveying Agencies and stations from the GeoForschungsZentrum (GFZ) build up
at the weather stations of the DWD. Details about the processing of the GPS data
are given by Gendt et al. (2001). During the first complete year with GFZ/GPS
data within the BALTEX/BRIDGE baseline period (May 2000 to April 2001) alto-
gether 74 stations of the GFZ/GPS network were available. For 24 stations (mainly
at the DWD stations) pressure observations could be applied to derive the hydro-
static delay. For the other 50 stations the pressure values were interpolated from the
dense synoptic network of the DWD. Statistics from this procedure reveal an error of

Forecast Error
I I I
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Figure 4.4: Standard deviation of the IWV differences HRM-GPS (rhombs), HRM-
Analysis (asterisks) and Analysis-GPS (triangles) as function of the forecast time.
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0.3 hPa rms (Gendt et al., 2001) corresponding to an IWV error of about 0.12 kg/m?.
This dataset is compared with the hydrostatic numerical weather prediction model
HRM of the DWD.

The HRM/IWV as well as the GPS/TWV ranges are between 0 and 49 kg/m?
within the observation period. Table 4.2 shows the mean differences and standard
deviations between the IWV derived from the HRM model forecast after a 6 h period
used as spin up time of the model, from the GPS data and from the ECMWF
analysis data. Altogether 425463 matches between HRM/IWV and the GPS/IWV
data and 52771 between the analysis data and the HRM or GPS data were obtained.
The HRM model overestimates slightly the water vapor as observed with the GPS
receivers. This mean difference can mainly be explained by the difference between
the ECMWF analysis data and the GPS data.

The standard deviation at the stations with pressure sensors is about 0.29 kg/m?
lower than at the stations without pressure sensors. Because the water vapor varies
more in the lower atmosphere than in the upper atmosphere more model layers are
included in the lower atmosphere. Thus the error introduced by interpolation of the
specific humidity to derive the IWV is reduced. Nevertheless, this error together
with the interpolation error of the network of the DWD (see above, Gendt et al.,
2001) may explain a large part the rms difference. A small contribution is also
introduced through the GPS receiver height level correction with the help of the
hydrostatic equation. The IWV standard deviation of all stations increases with
the forecast time. During the 6 h spin up time of the model the standard deviation
decreases slightly. This is mainly due to the HRM model, the analysis data do not
show an increase compared with the GPS data (Figure 4.4).

4.3 Comparison between HRM and AMSU-A data

The Advanced Microwave Sounding Unit A (AMSU A) onboard NOAA-15 and 16
allows retrieval of the IWV from passive microwave measurements. To derive the
IWV the NOAA/NESDIS Total Precipitable Water (TPW) algorithm is used. It
is described in Weng and Grody (2000) and is available on-line at http://orbit-
net.nesdis.noaa.gov/arad2/MSPPS /html/day2/algorithm_day2.html. Two AMSU-
channels are used: 23.8 GHz and 31.4 GHz. In brief the algorithm works because
23.8 GHz is near a water vapor rotation line and is more sensitive to water vapor
absorption than to cloud water droplet absorption, whereas 31.4 GHz is in a win-
dow region and is more sensitive to cloud droplet absorption than to water vapor
absorption. The different characteristics at the two frequencies are exploited to si-
multaneously retrieve IWV and vertically integrated cloud liquid water under both
clear and cloudy conditions. Based on radiative transfer simulations Grody et al.
(1999) have shown that the rms error of the AMSU-A/IWYV is about 1 kg/m?. Both
frequencies are measured by the AMSU-A instrument, which has 48 km resolution
at nadir. The IWV product is available at least four times per day, except near the
equator, where there are gaps between satellite swaths.

To compare the HRM model results above the sea the Advanced Microwave
Sounding Unit (AMSU) A is applied within the BALTEX area. Figure 4.5 shows
15356 IWV comparisons from colocated pixels of the AMSU-A and the HRM model
for the AMSU passive microwave receiver onboard NOAA-15 between 26th and
30th of April 2001 (the AMSU-A data are available from the 26th of April 2001
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Figure 4.5: Integrated water vapor (IWV) derived from AMSU-A data of NOAA 15 be-
tween 26th and 30th of April 2001 over the sea within the BALTEX area compared with
the IWV of the HRM model. r is the correlation coefficient, o the standard deviation of
the difference (HRM-AMSU), z,, the mean value of the AMSU IMV, vy, the mean value
of the HRM IWV. The 1:1 line as well as a linear fit are given.

to present). To avoid spillover effects near land areas an adequate land mask is
applied. The HRM shows slightly lower mean values compared with the AMSU-A
data (Table 4.3). While the number of matched pixels is comparably large, like

Table 4.3: A is the mean difference between HRM/IWV and AMSU-A/IWV, r is corre-
lation coefficient and IV is the number of data compared.

A r N
NOAA-15 —2.1+2.5kg/m? 0.82 15356
NOAA-16 —2.2+23kg/m? 0.84 14353

that between the GPS data and the HRM model above land, the standard deviation
between both datasets (NOAA-15 =~ 2.46 kg/m?, NOAA-16 ~ 2.29 kg/m?), as well
as the range of IWV values, are also similar. The underestimation of the AMSU-A
IWV data increases with increasing water vapor within the atmosphere (see linear
fit in Figure 4.5). The correlation coefficients of both datasets are with about 0.82
(NOAA-15) and 0.84 (NOAA-16) smaller than the correlation coefficient between
the GPS data and the HRM model which is about 0.93.
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GPS radio occultation data

5.1 Comparison between HRM and ECMWTF or radiosonde
data

Figure 5.1 (left) shows mean specific humidity differences and their standard de-
viations of HRM and the ECMWF data between 14th of May and 10th of June
2001. 123 profiles of HRM and ECMWF colocated with the CHAMP/GPS data
and interpolated to the GPS levels and times were used. The standard deviations
are below 1 g/kg. The HRM model shows slightly (around 0.1 g/kg) smaller specific
humidities for most of the heights below about 3 km and slightly larger specific hu-
midities above 3 km. Similar results were obtained by comparing the HRM model
results with 145 radiosonde ascents from Lindenberg/Germany between the 1st of
May and the 6th of June 2000 (Figure 5.1, right). The standard deviations are below
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Figure 5.1: Left: Mean specific humidity differences between HRM (diamonds) and
ECMWEF data (diamonds with line) and their standard deviations. Right: Mean dif-
ferences and standard deviations of the specific humidities derived from the HRM model
(diamonds) and from 145 radiosonde profiles in Lindenberg/Germany (diamonds with line)
between the 1st of May 2000 and the 6th of June 2000.
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1.5 g/kg. The mean absolute differences are below 0.4 g/kg.

5.2 Comparison between GPS/MET and the HRM model

To compare the vertical water vapor profiles of the HRM with GPS/MET we inter-
polated the specific humidity as derived by HRM to the 200 m resolution of the 60
available GPS/MET data profiles: GPS/MET data of Prime Time 3 (October 12 to
27, 1995) with Anti-Spoofing (A/S) of the GPS L2 signal (i.e., the intentional en-
cryption of the code modulation on L2) off were chosen because they were obtained
within the PIDCAP period. The four spatially and temporally closest HRM grid
points were used to compare with one radio occultation. The water vapor profiles
of the GPS/MET were calculated using an algorithm similar to that of Gorbunov
and Sokolovskiy (1993). The algorithm is described in chapter 2.
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Figure 5.2: Left: Comparison of the water vapor within the troposphere as derived from
GPS/MET (solid line) and with HRM (diamonds) at the 12th of October 1995. Right:
Comparison of the IWV from GPS/MET and the IWV derived with HRM.

To get an overview over all profiles the vertically IWV of GPS/MET is compared
with that of the HRM (Figure 5.2 right). Since the radio occultation measurements
never reached the surface of the Earth the IWV was calculated from the lowest
point of GPS/MET up to the tropopause as obtained from the HRM. The correlation
between both datasets is quite large (correlation coefficient 0.90) but the GPS/MET
shows significant lower values of the IWV than the HRM. The standard deviations
are low (ogpy = 1.44 kg/m? and ogps/meT = 2.12 kg/m?). Figure 5.3 shows mean
specific humidities as derived from GPS/MET and from HRM. The HRM model
gives values which are about 20 % greater within the lower troposphere. Below
about 2.2 km the specific humidities derived from GPS/MET decrease strongly due
to e.g. multipath effects (Gorbunov and Gurvich, 1998) but less than 20 % of the
radio occultations reach this low depth.
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Figure 5.3: Mean specific humidities during PIDCAP as obtained from GPS/MET and
from HRM (asterisks).

5.3 CHAMP/GPS and the HRM model

Figure 5.4 shows the mean tangent point positions for a dataset of 415 radio occul-
tations of CHAMP /GPS over the BALTEX study region taken between the 14th of

Figure 5.4: BALTEX area with mean CHAMP tangent point positions for the dataset of
415 radio occultations between the 14th of May 2001 and the 20th of January 2002.
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Figure 5.5: Left: Specific humidity differences between CHAMP/GPS and the HRM
model using the refractivities derived by the GFZ, right: same as left, but using the
refractivities derived by JPL.

May 2001 and the 20th of January 2002 during the BRIDGE period. Figure 5.5 left
shows the specific humidity difference between CHAMP/GPS and the HRM model
using the refractivities derived by the GFZ (Wickert, 2002). To derive the specific
humidities the algorithm of Gorbunov and Sokolovskij (1993) is applied. The tem-
perature profiles used are interpolated profiles of the HRM model. Figure 5.5 shows
the same dataset but with refractivities derived by the Jet Propulsion Laboratory
(JPL), Pasadena, CA, USA (Hajj et al., 2002). In both cases CHAMP /GPS shows
lower mean specific humidities. The difference increases with decreasing height,
maybe due to multipath effects within the lower troposphere (Gorbunov and Gur-
vich, 1998). However, recent studies show (Beyerle et al., 2002) that the bias problem
of the CHAMP refractivities does not seem to be caused solely by multipath effects
but corrections e.g. by the canonical transform method show an improvement of
the data quality. Effects influencing the GPS phase tracking process causing cycle
slips could maybe also explain the bias (Hajj et al., 2002).

5.4 Comparison between HRM and TERRA /MODIS

MODIS is a scanning spectroradiometer onboard the TERRA spacecraft with 36
spectral bands between 0.645 and 14.235 pm (Menzel et al., 1998). Following the
approach of Smith et al. (1985) clear sky temperature and moisture profiles (MOD-
07 product) together with the surface temperatures were calculated simultaneously
with the help of a radiative transfer equation. Cloud filtering is achieved with the
aid of the cloud mask product (MOD-06). The horizontal spatial resolution of one
vertical profile is 5x5 km?.

18142 vertically interpolated specific humidity profiles of TERRA/MODIS were
compared with colocated profiles derived with the HRM model. The comparison
for this dataset of the 1st of December 2001, 1100 UTC is shown in Figure 5.6:
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Similar like the CHAMP /GPS dataset this dataset contains a large range of specific
humidities (e.g. between 0.5 and 7.5 g/kg in a height of 1 km). It covers nearly
the half of the BALTEX modelling area (MODIS data between 36.7° and 58.4° N
and between —14.7° and 22.7° E). The HRM model shows slightly (around 0.5 g/kg)
larger mean specific humidities for most of the heights between the surface and about
4 km. The standard deviation at the surface between both datasets (=~ 2 g/kg) is
a little bit larger compared with CHAMP /GPS. It decreases to less than 0.01 g/kg
at 4 km height.

5.5 CHAMP/GPS and NOAA/AMSU-A/B

The lack of traditional meteorological observations over Antarctica and other remote
areas like the South Pacific Ocean is a major challenge for the operational weather
prediction as well as for the application of satellite data.

Here comparisons are shown between the vertically IWV derived from CHAMP
/ GPS data and from data of the Advanced Microwave Sounding Unit NOAA-15 /
AMSU-B over Antarctica as well as from data of NOAA-15/AMSU-A over oceans.

Altogether 1932 profiles of CHAMP /GPS were obtained between the 14th of May
2001 and the 31th of May 2002 over Antarctica and vertically IWVs were calculated.
Figure 5.7 shows running 60-day mean values of these vertically IWVs. It can be
seen that the water vapor has a clear annual oscillation and is significantly larger
in the austral summer compared to the austral winter. This is certainly related
to the high air temperatures in summer. The annual mean value of the vertically
CHAMP/GPS IWVs over Antarctica (between day 134 of 2001 and day 134 of year
2002) is about 1.56 + 1.57 kg/m?. With an area of the Antarctic continent of about
11.9 x 10® km? the annual mean of the total amount of atmospheric water vapor
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Figure 5.6: Mean specific humidities from HRM (diamonds) and TERRA/MODIS (di-
amonds with line) and its differences and standard deviations for 18142 pixels of the
TERRA/MODIS dataset of 1st of December 2001, 1100 UTC.
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over the entire continent is estimated to be about 1.9 x 10"3kg. Jacobs et al. (1992)
obtained for the total accumulation through snow falling over the Antarctic ice sheet
about 2.0 x 10" kg/yr. This shows, that the mean residence time of water vapor
over Antarctica is only 3 to 4 days, which is significantly shorter than the global
mean of 9 to 10 days (Howarth, 1983). Similar results were obtained by Miao et
al. (2001) from data of the spaceborne microwave water vapor sounder SSM/T2
onboard DMSP spacecraft F12 and F14 for the year of 1997.

The Advanced Microwave Sounding Unit-B onboard the NOAA Polar Opera-
tional Environmental Satellite NOAA-15 is a cross-track, line scanning instrument
designed to measure scene radiances in the 5 channels at 89.0 + 0.9, 150.0 + 0.9,
183.31£1.0, 183.31 £ 3.0 and 183.31 £ 7.0 GHz. Ninety contiguous scene resolution
cells are sampled in a continuous fashion, each scan covering 50 degrees on each side
of the subsatellite path. These scan patterns and geometric resolution translate to
a 16.3 km diameter cell at nadir at a nominal altitude of 850 km.

To derive the vertically IWV from AMSU-B data an algorithm of Miao et al.
(2001) is used. The algorithm was originally developed for the water vapor sounder
DMSP-SSM/T2 but due to the same frequencies available from AMSU-B it can
also be applied to AMSU-B data. It uses the four highest frequencies at 150.0 and
183.31 GHz (channels 17 to 20). A general form of the radiative transfer equation of
Guissard and Sobieski (1994) is applied taking into account the effects of diffuse scat-
tering from the ground surface and of the vertical nonuniformity of the atmosphere.
In brief the algorithm calculates the water vapor, defining a new quantity

ATy — by
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Figure 5.7: Running 60-day mean values of the vertically IWV over Antarctica derived
from CHAMP/GPS water vapor data. The mean IWV over one year (between day 134
and day 499) is 1.56 £ 1.57 kg/m?.
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Figure 5.8: Left: CHAMP water vapor profiles over Antarctica between the 14th of May
2001 and the 27th of March 2002. Right: Comparison between the vertically IWV over
Antarctica derived from AMSU-B using the algorithm of Miao et al. (2001) and from
CHAMP/GPS at the positions shown in Figure 1: The error bars show the IWV mean
and standard deviation of all CHAMP/GPS radio occultations for AMSU-B IWV in a
range +0.5 kg/m? around the mean AMSU-B IWV. The 1:1 line as well as a linear fit are
given.

using the following equation,
Wsect) = Cy + CyInn, (5.2)

with 4,5,k € 20,19,18 for 0.0 < Wsecf < 1.5 kg/m? and 4, j,k € 20,19,17 for
1.5 < Wsech < 6.0 kg/m? Here AT;; is the brightness temperature difference
between channels i and j of AMSU-B, W the vertically IWV, 0 is the angle of
observation and Cy, Ci, bj; and bj, are constants. For further details see Miao
(1998) or Miao et al. (2001).

Figure 5.8 (left) shows the mean tangent point positions of the radio occultation
profiles taken over Antarctica between the 14th of May 2001 and the 27th of March
2002 which match AMSU-B data of NOAA-15. The horizontal distance between
both datasets is limited to 8 km. The time difference between the CHAMP/GPS
radio occultation measurement and the NOAA-15 overpass is less than 30 minutes.

In Figure 5.8 (right) a comparison between the vertically IWV derived from
CHAMP/GPS and from AMSU-B is shown. The mean difference AMSU-B/IWV
— CHAMP/GPS IWV between both datasets is with —0.08 kg/m? quite low and the
standard deviation about 0.79 kg/m?. A linear regression between the CHAMP /GPS
IWV data (G) and the AMSU-B IWV data (A) gives

G = —0.01+1.08 x A. (5.3)

Due to the independence of both datasets this result shows that both algorithms
allow to obtain the IWV with low standard deviations over Antarctica. Therefore
they should be assimilated into NWP models within the near future.
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Figure 5.9: Comparison of CHAMP/GPS IWV with AMSU-A IWV over oceans world-
wide. Here the NOAA/NESDIS Total Precipitable Water (TPW) algorithm is applied. A
is the difference between CHAMP/GPS IWV and AMSU-A ITWV.

Figure 5.9 shows a comparison of the IWV derived from CHAMP /GPS and from
AMSU-A. Over the tropics high integrated water vapor values of up to 80 kg/m? will
be reached. The standard deviation of the differences between CHAMP/GPS IWV
and AMSU-A IWYV is with 4.61 kg/m? larger than between the HRM and AMSU-A
over the BALTEX area. AMSU-A shows also slightly (1.93 kg/m?) larger mean
values compared with CHAMP/GPS IWV. To derive the IWV from the AMSU-A
data the NOAA/NESDIS algorithm is applied. For details see chapter 5.4.
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Conclusions

The atmospheric water vapor content is one of the most important parameters for
the hydrological cycle. In order to investigate the energy and water balance over
the BALTEX region, different time series of the specific humidity profiles and verti-
cally integrated water were calculated with the hydrostatic regional weather forecast
model HRM (High resolution Regional Model) of the Deutscher Wetterdienst. To
validate the HRM model different time series of the model were compared with
groundbased and spaceborne GPS data within the BALTEX study region and the
PIDCAP and BRIDGE periods.

High correlations (around 0.9) between the HRM IWV and GPS IWV were
found. It is shown that the analysis data used to initialize the HRM model can
explain a large part of the mean difference between the IWV from the model and
the GPS data. The application of ECMWEF analysis data has shown significant
lower mean IWV differences and similar standard deviations compared with EM3AN
analysis data. Comparisons between GPS data and radiosonde data have also shown
similar standard deviations. GPS stations equipped with surface pressure sensors
show about 0.29 kg/m? lower mean standard deviation compared with GPS stations
with interpolated surface pressure. Different interpolation errors may explain this
difference. The forecast error (i.e. the standard deviation) of the HRM model
increases with time.

Specific humidities and the IWVs were determined from the refractivity profiles
of the radio occultations of GPS/MET and CHAMP/GPS using an iterative algo-
rithm of Gorbunov and Sokolovski (1993). The comparisons of the specific humidity
profiles have shown that both receivers, GPS/MET and CHAMP /GPS, measure sig-
nificantly lower mean specific humidities below about 4 km. This is e.g. supported
by comparisons between the HRM model and the ECMWF analysis data as well
as between the HRM model and radiosonde ascents at Lindenberg/Germany which
have shown lower mean absolute differences of about 0.2 g/kg. The standard devia-
tions of the difference between HRM and CHAMP /GPS are similar to the standard
deviations between HRM and the radiosonde ascents. The TERRA/MODIS dataset
of the 1st of December 2001 1100 UTC shows slightly larger standard deviations of
up to 2 g/kg but smaller mean specific humidity differences to the HRM model by
comparing 18142 profiles with similar large ranges of specific humidities like from
CHAMP/GPS.

If the bias due to the multipath problem or due to noise contributions influenc-
ing the GPS phase tracking process can significantly be reduced, the CHAMP/GPS
data are a valuable source of specific humidity data and should consequently be
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assimilated into NWP models for Europe. The slightly larger standard deviations
of TERRA/MODIS compared with the HRM could be a problem by using the
TERRA/MODIS data for assimilation into NWP models which maybe solved by
taking mean values before assimilation. For further details about the assimilation
techniques see e.g. Kuo et al., 1993. However, due to the good coverage, the high
horizontal resolution of the TERRA/MODIS data of about 5x5 km? and the accept-
able low mean specific humidity difference between TERRA/MODIS and HRM the
MOD-07 product could also supplement the radiosonde data quite well, especially
in data sparse regions, and should be assimilated into NWP models.

Since the 14th of May 2001 limb sounding observations from CHAMP observing
the satellites of the US Global Positioning System (GPS) are available also world-
wide. Due to the sufficient accuracy of the specific humidities and of the IWVs
derived from the phase delay measurements as well as the homogeneous coverage of
Antarctica with radio occultations CHAMP /GPS is a valuable source of a validation
of other spaceborne data also over Antarctica and other remote areas. To derive
the IWV over Antarctica from the four channels 17 to 20 of AMSU-B an algorithm
of Miao (1998) derived for the same frequencies of SSM/T2 is applied. The mean
difference between both datasets is with -0.08 kg/m? quite low and the standard
deviation about 0.79 kg/m?. The annual mean IWV derived from the first year of
CHAMP/GPS data over Antarctica is about 1.56 & 1.57 kg/m?. A similar result
was obtained from Miao et al. (2001) from SSM /T2 data for the year 1997. The
independence of both datasets shows that both datasets are valuable sources for the
IWYV over Antarctica.
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