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Purpose

This report summarises the results of the actitdty analysis of the diurnal sampling bias
using GNSS data” which was dedicated to supporQB¥VEX water vapor assessment (G-
VAP). The report is part of the Appendix of the @/ final report, and an executive
summary has been included in the main part ofitiad feport.

1 Introduction

Atmospheric water vapour content plays a key ralgéhie atmospheric water cycle and is
influencing the Earth’s radiation budget and thegpheric chemistry. The Global Climate
Observing System (GCOS) and the World Climate Rekerogramme (WCRP) demand for
a coordinated international assessment of climeddytcts, among others water vapour. The
aim of the World Climate Research Programme Gl&redrgy and Water Cycle Experiment
(GEWEX) is among others to observe, understandnaodel the hydrological cycle in the
Earth's atmosphere (www.gewex.org). The GEWEX [atd Assessments Panel (GDAP)
founded the water vapour assessment (GVAP, www.geiap.org) to select reasonable water
vapour products for climate application. Stableetiseries of water vapour measurements are
needed for model applications as well as for tHedaton itself. Inconsistencies need to be
found and explained. GVAP focuses on the investgat of stability of all three GCOS
Essential Climate Variables (ECV), i.e. precipitallater, upper tropospheric humidity and
water vapour and related temperature profiles.

In 1992 the idea of using the GPS signal delayaloutate the atmospheric water vapour
content came up (Bevis et al., 1992), was provendik with sub-mm accuracy (Rocken et
al., 1993) and to agree with radiometer measuresrtent-2 mm RMS (Rocken et al., 1995).
GPS/GNSS measurements were also used to validaie fdem different satellite
measurements like the Moderate Resolution Imaginmect®o-radiometer (MODIS)
(Ningombam et al., 2016) or Radiosoundings (Yu ket 2015), or to investigate the
climatology of precipitable water (Jin and L@909; Bordi et al., 2015).

Polar orbiting satellites overpass a location om Harth twice daily. In case climatological
averages are computed the reduced temporal sangalintpad to systematic (regional) biases
if a pronounced diurnal cycle is present. The m@jaf investigations of the diurnal cycle
were focusing on limited areas like Sumatra Isl@nii et al., 2003), Spain (Ortiz et al.,
2011), continental United States (Radhakrishna lgt 2015) or South-Central Canada
(Hanesiak et al., 2010) and are not combining nreasents from different times. A study
combining twice-daily synoptic soundings at 000d 4200 UTC for radiosounding launches
(Dai et al., 2002) over North America found therdal sampling error to be within +3%,
while Wang and Zhang (2008) found the diurnal samgpérrors of twice-daily radiosonde
data to be within 2% in a similar study.

The aim of this study now is to use the extendedSGNlatabase to phenomenologically
describe the climatological diurnal cycle, to déserand investigate the associated sampling
bias of simulated twice-daily-passing satellitedividually as well as combined overpasses at
several overflight times and its significance. Algaluable feedback to GNSS Pls and GNSS
users is provided by documenting seeming issuad@iv individual stations.

Prior to the presentation of results in sectiods#43 (diurnal cycle) and sections 4.4-4.5 (bias
and standard deviation) the data base, the preegso and the methodology is described.
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2 Data

This evaluation is based on a 2-hourly data sesared by ground-based Global Positioning
System (GPS). Since the atmospheric delay of tireabsent by the satellites and received by
the ground stations is dependent on pressure, tatape and total amount of water vapour,
the latter can be calculated by knowing pressucktamperature. Those were gained from
synoptic observations as well as from the reamalgéithe National Center for Atmospheric
Research (NCEP/NCAR). The exact methodology of poscipitable water is derived from
the measured zenith path delay is described inldet#/ang et al. (2007). They also found
the accuracy of precipitable water is roughly 4 mm.

The GNSS data base version 721.1 includes dataX89% to 2011. In total, 997 stations are
specified, which however not cover the full perigdery station is characterized by latitude,
longitude and altitude and provides 2-hourly détat tontain day and time (UTC), surface
pressure (hPa), atmospheric weighted-mean temperd), precipitable water (mm) as well
as information about zenith delay. Here we congulecipitable water.

The amount of data per year varies over time amdstaion. We first identify the 5 year
period with maximum data density and define a tho&sb of 75%. Thus, each period of at
least five continuous years was checked regardivg fany stations fulfil this requirement.
The period from 2004 until 2008 was identified with9 stations and a complete table can be
found in the appendix (Table 1).

A minor issue was found: each Decembet 8dntains no data later than 17 UTC. However,
the influence of this issue on this investigatismegligible.



3 Methods

First, the time needs to be converted from UTCGotal time (LST). Using the longitude, the
local time can easily be calculated via

LST = UTC + 12+longitude (1)

180°
The local times are binned into blocks of 2 hourd within each 2 hour bin the values are
averaged. With those bins, a satellite that passe® a day can be simulated by again
averaging any bin and the related bin 12 hours.latéhreshold of at least 75% of all possible
data must be available.

The climatology C is calculated as the mean ofmglasurements of the years 2004-2008.

Diurnal cycles and total climatology are plotted &ach station and month. Examples are
presented in sections 4.2.1 and 4.3.1, peculiipstaare presented in section 4.2.3 and in the
appendix (Table 2).

The following analysis considers bias, standardal®n, significance tests in absolute and
relative units and correlation. The bias is defihede as

Bias(x) = M, 2)

n

with x the investigated parameter (precipitableenasimulated by averaging bin values at
LST and LST+12 hours), C the climatology and n thuenber of bins that are taken into
account.

The standard deviation is then calculated using

STD = M (3)
n

The significance is calculated with python’s imptmted Shapiro-Wilk-test, where the
confidence level was set to 95%.

Another part of this evaluation is based on re@tigriables. Relative is defined here as:

Relative bias = 22 (4)
Mean

The time-amplitude-factor is defined as:

LSTdiff)( Amplitude
12

)- ()

with LSTdiff being the absolute smallest time diffiece between the minimum and the
maximum of the diurnal cycle

Time — amplitude — factor = (1 — mar(ATplitude)

The correlations of scatterplots are calculatedgupiython’s Pearson correlation coefficient.



4 Results

In this section an overview of the diurnal cycle of precipitable water is given first. Then, the
bias and the standard deviation are presented and discussed on global scale. A series of
potential reasons for the observed biases are also analysed.

In case of seasonal investigations, the classification of the seasons was done with respect to
the seasons on the northern hemisphere: Winter therefore includes December, January and
February, spring is composed of March, April and May, summer consists of June, July and
August while fall is made up of September, October and November.

Generally results related to the virtual overflight time of 4-6 and 16-18 LST are presented.
Results for other overflight times are shown in the appendix (see, e.g., Figures 22 and 26).

4.1 Time series Figure 1 gives the time series of the mean predatwater over the
investigated period. As expected, winter seasowsHowest values in precipitable water
while summer season has largest values.

40 Precipitable Water 2 Precipitable Water
Total climatology
= All seasons: Bias: 0.000mm, Standard Deviation: 0.530mm
- Winter: Bias: -5.692mm, Standard Deviation: 5.693mm 22
35 — Spring Bias: -2.631mm, Standard Deviation: 2.647mm
Summer:  Bias: 7.512mm, Standard Deviation: 7.595mm
— Fall: Bias: 0.316mm), Standard Deviation: 0.487mm 20
30
E £ 18
E E
c 25 c
] 3
s = 16
20
— — 14
15
12
10 10
2004 2005 2006 2007 2008 Winter Spring Summer Fall

Year Season

Figure 1. Time series of precipitable water for the peri@®4£-2008 (left) and annual cycle
(right).



4.2 Diurnal Cycles

The most distinct diurnal cycle is
P ias: 0.0000, Not Significant, SD. Le75 presented by the Indonesian station
' | | - BAKO (Figure 2), located about 10
miles south of Jakarta and close to the
equator with about 6.5° S latitude. A
feature of the diurnal cycle is the
compressed sinusoidal shape. While
the minimum is at about 9 LST the
, maximum is 10 hours later at about 19
| LST. This results in an asymmetric and
T P ] non-sinusoidal shape of the diurnal
cycle. The mean value is about 47 mm
and the amplitude is ~5 mm.
5 mmmme 15 20 Figure 2 also demonstrates the diurnal
Precipitable Water. Station: ORID, Lon: 20.8, Lat: 41.1 CyCIe Of preCipitable water at Station
Blgs40.0000: NowSignificant SDi 9257 ORID in Macedonia at 41.1°N. Here,
; the mean precipitable water is about
14.3 mm and thus much smaller than
the mean aBAKO. Since the amplitude
| has also decreased to about 0.8 instead
T of 5, this diurnal cycle is more flat
(ratios of 0.11 to 0.06). The minimum
of precipitable water is at about 11 LST
while the maximum is still at about 19
LST, with therefore only 8 hours in
— between and thus a stronger
‘ ‘ , asymmetry.The diurnal cycle of THU3
P — has an amplitude of 0.13 mm with a
Precipitable Water. Station: THU3, Lon: -68.8, Lat: 76.5 mean of about 6.06 mm (ratio: 0.02 and
Bias: -0.0000, Not Significant, SD: 0.020 .
; ‘ ‘ thus the least pronounced diurnal cycle
of the presented examples).
The relative diurnal cycles are
presented in the Appendix, section 8.3.
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al 1 Figure 2. Diurnal cycles of station
P BAKO (top),
 — - S — ORID (middle) andTHU3 (bottom).

Local Time

The seasonal influence is obvious, demonstratemblased diurnal cycles in figure 2. Since
stationBAKO is on the southern hemisphere, the lowest valaese found in summer, while
the northern hemisphere statiddRID andTHU3 reveal their lowest values in winter.



The titles of figure 2 gives information about thi@es and standard deviation of the diurnal
cycle. As expected, the bias is zero. The standawhtion however decreases with latitude
and therefore with mean and amplitude.

4.2.1 Probability Density Functions

Here we show the probability density function (PF)precipitable water for the stations
BAKO, ORID, andTHU3.

The southernmost station BAKO, again having its m@min northern hemisphere’s winter,
has values generally larger than 30 mm during edisens. During the hottest season this
lower level increases even up to 45 mm. The peakthe width of the PDF change with
season.

ORID shows a clear seasonal cycle and a broader D§ptimmg.

THUS3 (Figure 3), close to the Pituffik Airport in weateGreenland has a latitude of 76.5° N
and hence is the northernmost station with adequatesurement continuity. The PDF of this
northernmost station has precipitable water valoesr than 20 mm.

All climatologies exhibit a bimodal PDF.

o 3grecipitable Water. Station: BAKO, Lon: 106.8, Lat: -6.5 o grecipitable Water. Station: ORID, Lon: 20.8, Lat: 41.1
: Climatology ’ Climatology
Winter Winter
[| — spring — spring
0.30 summer 0.5H — summer
Fall Fall
0.25
0.4
T 0.20 7 |
e & 0.3
T 015 e [
| |
0.2
0.10
0.05 A “ : 0.1 \
Y \ {
M |
0.00 0.0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Precipitable Water [mm] Precipitable Water [mm)]

1gre::ipitable Water. Station: THU3, Lon: -68.8, Lat: 76.5

Climatology
Winter

0.8 fall

0.6

PDF [%]

0.4

0.2

0.0

0 10 20 30 40 50 60
Precipitable Water [mm)]

Figure 3. Probability density function of BAKO (upper lef®RID (upper right) and THU3
(bottom).
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4.2.2 Peculiar stations

A few stations were found as unusual. As exampéios CASL (Figure 3) will be discussed
in the following while a complete list of peculistiations is given in the appendix (see Section
8.2).

StationCASL (Figure 4), located in southern polar regions,ilgthan unusual diurnal cycle.
The number of measurements is about equally dividedall times, this influence can
therefore be neglected. More interesting is thendiucycle of the surface pressure which is
clearly anticorrelated to the diurnal cycle of ppg&able. The source for pressure is auxiliary
data from e.g. synoptic observations (Wang et281Q7). It should however be mentioned,
that the auxiliary data of temperature shows thpeeted diurnal cycle.

Precipitable Water. Station: CAS1, Lon: 110.5, Lat: -66.3 Pressure. Station: CAS1, Lon: 110.5, Lat: -66.3

8.0 Bias: 0.0000, Significant, SD: 0.282 Bias: -0.0001, Significant, SD: 0.839

978.5

7.5

7.0 978.0

6.5

©
N
i
n

6.0

Pressure [hPa)

5.5

4.5

977.0

Precipitable Water [mm]

976.5

4.0 Total average
— Average per hour

3.5 976.0
0 5 10 15 20 [ 5 10 15 20

Local Time Local Time

Figure 4. Peculiar station CAS1 in Antarctica. Precipitalveger (left) and pressure (right).

An overview of all peculiar stations is given in ggndix 8.2. In total 15 stations are found to
be peculiar and such stations are not consideradtimer analysis.

4.3 Climatology

The mean of precipitable water is largest closah® equator and becomes lower with
increasing latitude (Figure 5). While stations wddeatitude is higher than 33° usually have
mean values lower than 20 mm, maximum values inritb@cs are larger than 50 mm. The
southern polar regions exhibit less precipitabléew#han northern polar regions. Maritime
stations typically show larger means than contialestations on the same latitude which is to
some extend caused by the generally larger elevafistations on land.
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Precipitable Water Precipitable Water
Time: all 32 Time: all 32
e —

Mean [mm]

Figure 5. Mean value of precipitable water of all statioteft] and stations with altitudes
lower than 500 meters (right).

E.g., two of the four Hawaiian statioMAUI (4.1 mm) andVKEA (3.6 mm) have vey small
values due to their larger elevation (>3000 metérkE obvious dependence on elevation is
evident when plotting only stations lower than 50éters (Figure 5).

4.3.1 Seasonal

Seasonal means (Figure 6) reveal a distinct ancyEe in mid- and higher latitudes by
showing largest values in summer on northern hdmeigpand vice versa, whereas equatorial
stations stay about equal (~55 mm).

The Hawaiian stationMAUI and MKEA do not follow the annual cycle, they are actually
showing a contrary behavior. This is probably lieke their exceptionally large altitude.
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Precipitable Water, Season: Winter Precipitable Water, Season: Spring
Time: all 32 Time: all 32
- 3

E E
E E
20 20
o ©
Q QU
16 = 16 =
12 12
8 8
4 4
0 0
40 40
36 36
Precipitable Water, Season: Summer Precipitable Water, Season: Fall
Time: all 32 Time: all 32
o Say O e % 28 : 1 ¢ 28
24 — 24 —
£ £
E E
20 20
o ©
[ Q
16 = 16 =
12 12
8 8
4 4
0 0

Figure 6. Mean values of precipitable water for several rhoahd seasons. Winter is
represented by January (upper left), Spring bylAppper right), Summer by July (lower
left) and Fall by October (lower right).

4.3.2 Amplitude and maximum deviation

The amplitude as well as the maximum deviationhef diurnal cycle from the total mean is
an indicator for the variability and the flatne$she diurnal cycle. Obviously the amplitude is
highly correlated to the maximum deviation, howet@r a better classification both are
illustrated and shortly discussed in this section.

2.0 1.0
1.8 0.9
Precipitable Water Precipitable Water
Time: 4-6, 16-18 local 1.6 Time: 4-6, 16-18 local 0.8
9, = " 5, = 07 E
: % : : 7 .
.:f‘" — .,'i" E
f 12 E f 0.6 §
o= ©
® k]
10 E 0.5 g
a £
0.8 0.4
& g
3
0.6 032
0.4 0.2
0.2 0.1
0.0 0.0

Figure 7. Amplitude (left) and maximum deviation (right) s&a
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Figure 7 reveals, as expected from the investigaifcsingle stations in section 4.2.1., a zonal
dependency. Maritime stations tend to have lowresthan continental stations on the same
latitude.

Relative values of amplitude and maximum deviatoa presented in the appendix, section
8.4, while seasonal plots demonstrating can bedauisection 8.5.

4.3.3 Local minimum and maximum times

This section shows the times, where the absoluténmim and maximum times of the diurnal

cycle occur (Figure 8).

The minimum value is found usually in the morninguts, between 7 and 11 LST.

Nevertheless a few outliers can be found, for examp the Rocky Mountains, where the

minimum is shifted to afternoon. Some randomlyribsted stations reveal their minimum to

be at evening or night times.

The maximum usually occurs at evening and nightidgthe Rocky Mountain stations are
delayed, their maximum is shifted to early mornigirs.

The resulting time difference usually is 8 to 12its) while a few stations have only 6 hours
in between.

23 23

Minimum Precipitable Water Maximum Precipitable Water

Local Time
Local Time

12

Time Difference

1

Figure 8. Local time of minimum (upper left) and maximum fep right) precipitable water
and the resulting time difference (bottom).

Figure 9 shows the seasonal cycle of the timerdiffee between maximum and minimum
diurnal cycle.
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Precipitable Water

Abs(LST(max)-LST(min)) [h]
® ® ©
o o o

®
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@
N

8.0
Winter Spring Summer Fall
Season

Figure 9. Time difference between minimum and maximum asation of season.

4.4 Diurnal sampling bias

This section about the bias of distinct overfligites gives the main information about the
error of using only two measurements per day tacutale a daily mean value. For

classification, the bias is marked as significanspatial maps. The figures are limited to the
climatology instead of a seasonal investigatiore (6&3. 10). Here figure 10 shows the

climatology while seasonal results are presentdéldarappendix (Section 8.7).

Figure 10 exposes a tendency to positive biasesever no zonal dependency is obvious.
The only tendency is visible in higher latitudedyere the bias is between -0.08 and 0.08.
This can be expected from the weak diurnal cycidbese regions.

0.40 2.0
0.32 1.6
Precipitable Water Precipitable Water

Time: 4-6, 16-18 local 0.24 Time:

4-6, 16-18 local 12

-

Bias [mm]

-0.08

|
o
IS

Relative Bias [%]

-0.16

|
o
©

-0.24

|
-
N

-0.32

|
=
o

-0.40 -2.0

Figure 10. Absolute (left) and relative (right) bias of prgitable water. Yellow circles
indicate a significant bias.

The largest bias is exposed by statBAKO (see section 4.2.1). As discussed already, this
station has a distinct but compressed sinusoidgleshlherefore a large bias is expected.
Further investigations of the bias reveals no ddpeay on mean, latitude and amplitude as
well as a dependency of the time-amplitude factee @ppendix, section 8.9). The probability
density functions are also not showing any deperylésee appendix, section 8.8).
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Figure 11 shows the diurnal cycle of the bias &mation of LST bins and pairs of LST bins
in absolute and relative units. The largest biasuscby combining the 2-4 LST with 14-16
LST bins while the smallest bias occurs by using ltins 6 hours later. Figure 11 also
explains why figure 7, using the 4-6 and 16-18 IS, tends to exhibit positive biases.
Separated by the seasons the diurnal cycles rav&alilar behaviour, however the minimum
and maximum times are slightly varying as well he amplitude. This causes a minor
difference in the bias as seen in section 8.6 (Agp®. The tendency to positive biases as
well as the dependency on height is visible.

Precipitable Water Precipitable Water

0.3 0.15

= All seasons
Winter
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. 0.05
\
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Bias [mm]

= All seasons

Winter -0.10
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Summes

Fall
—0.4 -0.15

3 5 7 9 11 13 15 17 19 21 23 0-2,12-14 24,1416  4-6,16-18 6.8, 1820  8-10, 20-22 10-12, 22-24
Time [LST] Time [LST)
20 Precipitable Water - Precipitable Water
’ ' = All seasons
Winter

15 0.6

— spring
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1.0 0.4 £ Fall
5f- } 0.2
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= All seasons -0.6
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— Spring -0.8
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-1.0
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Figure 11. Diurnal cycle of the bias and the resulting dilirtycle for combined overflight
times in absolute (top) and relative (bottom) value

Figure 12 shows that the bias decreases if sesatallites are used. The decrease is about
linear and it is difficult to give a threshold obw many satellites should be used for a
reasonable climatology, however, combining figuBewlith figure 11 exposes two satellites
are reasonable in case their overflight times diffe6 hours.
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0.10 Precipitable Water

N Winte
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. : - « « Fall
005 H . ® o All seasons
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Figure 12. Bias of combined overflight times simulating aedlite passing twice a day (left)
and the number of combined simulated satelliteg{yi

4.5 Diurnal sampling standard deviation

Here the impact of temporal sampling on the stahdawiation is described. A dependency
of standard deviation from latitude is obvious (Semire 13), with the largest standard
deviation measured by the Indonesian stat®AKO. Recall, this station was already
displaying the largest bias and one of the largesans as well as amplitude. Figure 13
additionally reveals a dependency on altitude, Whlecreases the standard deviation slightly.

0.80 5.0
0.72 4.5
Precipitable Water Precipitable Water
Time: 4-6, 16-18 local 0.64 Time: 4-6, 16-18 local 4.0
__— kY, 2
’S 3 0.56 ¥ o 35¢
£ S
= ®
0.48 § 303
5 o
0403 258
S g
©

0.32 8 208
5 g
0.24 & 155
g

0.16 1.0

0.08 0.5

0.00 0.0

Figure 13. Absolute (left) and relative (right) standard @gin of precipitable water.
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As expected from the dependency of standard dewmidtom amplitude, which itself was
found depending on latitude (see section 4.2.14AY the seasonal investigation reveals a
distinct annual cycle (Figure 14, Appendix sect®&h0): The standard deviation is large in
summer and low in winter.

Precipitable Water Precipitable Water

0.50 2.6
= All seasons = All seasons
Winter Winter
0.45 — spring 24 — spring
Summer —_ Summer
Fall X fall
— 0.40 822
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E 20
5 0.35 3z
= ?, 1.8
g 0.30 -E
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B &
© 0.25 8
e o l4
s 2
3 S
0.20 g 12
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0.15 10
0.%0 0.8
0-2,12-14 2-4,14-16 4-6,16-18 6-8, 18-20 8-10, 20-2210-12, 22-24 0-2,12-14 2-4,14-16 4-6,16-18 6-8, 18-20 8-10, 20-2210-12, 22-24
Time [LST] Time [LST]
0.50 Precipitable Water
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Figure 14. Absolute (upper left) and relative (upper rightyrdal cycle of standard deviation
as well as the annual cycle (bottom). Note: Onétishs from northern hemisphere were
taken into account.
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Figure 15 adds two other dependencies to this tigag®on of standard deviation. Figure 15
shows a scatterplot of standard deviation and angdias well as time-amplitude-factor. The
correlation to amplitude is 0.85 and larger thartlie time-amplitude-factor case.

Precipitable Water, Time: 4-6, 16-18 local Precipitable Water, Time: 4-6, 16-18 local
— Winter: y=0.242*x+0.085 ~—— Winter: y=0.458*x+0.037
Spring: y=0.378*x0.085 — Spring: y=0.529*x+0.165
Summer: y=0.418*x0.085 Summer: y=1.057*x+0.200
— Fall: y=0.182*x+0.085 Fall: y=0.747*x+0.141
1.5 o ® |e®e Winter, Corelation: 0.755 1.5 eee Winter: Correlation: 0.693
'E‘ r 000 Spring, Correlation: 0.878 'E‘ 000 Spring: Correlation: 0.633
£ é ° ‘o ®®e Summer, Correlation: 0.875 £ e®e Summer: Correlation: 0.651
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= = La e
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Figure 15. Correlation between standard deviation and ang#it(ieft) as well as time-
amplitude-factor (right).

Other relations are shown in the appendix, seéose8tl3 (appendix).

Similar to the bias, the standard deviation de@gdfsmore and more satellites are combined
(see figure 16).
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0.04 . i ° $
. 1 L]
0.02 ! [ ] ' (]
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Number of combined simulated satellites

Figure 16. Number of simulated satellites that pass twicaywersus the standard deviation.

Relative standard deviations are given in the Appersection 8.11.
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5 Conclusions

This study uses the precipitable water of the 2dlyaglobal NCAR/NCEP GNSS data base of
a b5-year-period to provide a general overview & tlimatological diurnal cycle. The
potential impact of this diurnal cycle on the gtyabf satellite observations has been analysed
by considering pairs of LST bins.

The diurnal cycle is described in terms of ampEtudST of minimum and maximum
precipitable water as well as the time differeneéwleen the occurrence of minimum and
maximum. The minimum of the diurnal cycle occurs usuallytire morning, while the
maximum occurs mostly in late afternoon. This ressid a time difference of about 10 hours
and thus to a compressed sinusoidal shape. Thigered by altitude, which delays minimum
and maximum by a few hours. Noticeable is the tedative amplitude at maritime and
therefore low-altitude station3.he features mentioned above are resulting in apoessed
sinusoidal diurnal cycle which might cause a bi&saidiurnal cycle is present and
insufficiently sampled, i.e. only two times per day

The observed bias and standard deviation betweematology and simulated satellite
overpass exhibits a strong spatial variability. leger, overall absolute and relative values
are small. The bias as a function of pairs of L8¥ exhibits a diurnal cycle with minimum
and maximum values at 2-4, 14-16 LST and 8-10, 20-3T, respectively. Northern
hemispheric averages do not exceed values of -thlanmd -1 %. Thus, its impact on the bias
is small. It might however be of relevance if dattected by temporal sampling are used for
climate analysis.

Also, the investigation of the bias revealed tihat bias is independent from latitude and the
chosen overflight times. The bias is largely reduaden two satellites with 6 hours time
shift are operated.

The standard deviation strongly depends on thearoygle and the latitude.

The bias observed among major precipitable wateraté data records are much larger than
the temporal sampling bias described here. We dttatethe biases are not primarily caused
by a diurnal cycle of precipitable water but by géing the clear sky bias caused by the
diurnal cycle of clouds and the change in samplings and IR based retrievals.

Finally, some stations were found to be peculiat some data in December missing. This
has been communicated to the NCAR GNSS data rédord
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8 Appendix

8.1 List of data availability

Table 1. Number of stations with more than 75% of data thyeear period.

Time Number of Years Number of
Period Stations
1995-1999 5 0
1996-2000 5 12
1997-2001 5 17
1998-2002 5 40
1999-2003 5 49
2000-2004 5 75
2001-2005 5 99
2002-2006 5 114
2003-2007 5 134
2004-2008 5 179
2005-2009 5 148
2006-2010 5 146
2007-2011 5 146

8.2 List of peculiar stations

This list shows the diurnal cycles of precipitablater, temperature and pressure to give a
general overview. All figures are structured in th@me way: precipitable water (left),
temperature (middle) and surface pressure (rigkegkall, this study is limited to the years
2004 to 2008. For all stations in this list, thé&athreshold was used. All stations listed here

were excluded from analysis.

Table 2. List of peculiar stations. Each line presents ipitatble water (left), temperature

(middle) and pressure (right) of one station.

ASPA

Precipitable Water. Station. ASPA, Lon: -170.7, Lat: -14.3
Bias: 0.0003, ignificant, SD: 0.139

\\ //-““
N \
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BAIE

Precipitable Water. Station: BAIE, Lon: -68.3, Lat: 49.2 Temperature. Station: BAIE, Lon: -68.3, Lat: 49.2 Pressure. Station: BAIE, Lon: -68.3, Lat: 49.2
SD: 0.134 .0

13.1 Bias: 0.0003, Not s Bias: 0.0011, Not SD: 0.494 2510073 Bias: 008, Not SD: 0.446

13.10) 268.8
R 268.6 20
13.00)
T 268.4
12.95) N /

T
£ -
] i
: § o ¥
3 1290 \ g
8 268.0
E 12.85)
1280 267.8 2
12.75 Total averag 267.6 Total averag Total averag
Average per hour Average per hour Average per hour
= s 15 7 s 10 15 s 10 15
Local Time Local Time Local Time

BRMU

Precipltable Water. Station: BRMU. Lon: -64.7, Lot: 324 Temperature. Station: BRMU, Lon: -64.7 Lak: 32.4 Pressure. Station: BRMU, Lon: -64.7, Lat: 32.4
2808 Bias: 0.0000, Not Significant, SD: 0.093 0.40+2.832e2 PBias: 0.0002, Not Significant, S +1.017¢3 _Bias: -0.0009, Not Significant, SD: 0.471

28.90 035 20
e 0.30]
Fam -
< Goas =13
f 2875 T H
0.20] [
22870 \/ 2
S 015
E 28.65 10
2060 010}
28.55] To! erage 0.05 To! erage To! erage

Average per hour Average per hour 05| Average per hour
230 5 1 090, 5 10 15 20 5 10 15 20
Local Time Local Time Local Time
Pre(lpl(able wn!er Station: CAS1, Lon uo s Lat -66.3 Temperature. Station: CAS, Lon: 110.5, Lat: -66.3 Pressure. Station: CAS1, Lon: 110.5, Lat: -66.3
54 : -0.0000, 0.0 +2.556e2 _ Bias: -0.0001, Not Significant, SD: 0.241 o78. Bias: -0.0001,
53] 08
978.0
52 \\ r\ 07
Y 1 For7s
H £
250 A
H
2
- Eonol
48
02 9765
47 Tblnl averag 01! Total a Total averag
Aver: ge per hour Average per hour Average per hour
B 10 15 20 B 10 ; B 10 15 20

Local Time Local Time Local Time



CHAT

Precipitable Water (mm]

Precipitable Water (mm]

Precipitable Water. Station: CHAT, Lon: -176.6, Lat: -44.0
: 0.080

Temperature. Station: CHAT, Lon: 176 s‘ lat -44.0

Pressure. Station: CHAT, Lon: -176.6, Lat: -44.0

KSMV

Precipitable Water (mm]

57

256

Precipitable Water. Station: KSMV. Lon: 140,
0013, Not Significan

Lat: 36.0
£

KSMV. Lon: 140.7 Lat: 36.0
Not Significant

o Bias: -0.0001, Not S| 040 +2.749e2 _ Bias: 0.0008, Not 10+1.006203 Bias: 0.0004, Not SD: 0.269
15.35) 033
08
0.30]
15.30
g =
5025 £0s N
15.25) e
020} g
15.20 04
015
155 620
Total averagy . Total a 02 —— Total average
Average per hour Average per hour —  Average per hour
e s 10 % s 10 s 10 15 20
Local Time Local Time Local Time
Pm:lpltable Water. Station: FFM), Lon: 8.7, Lat: 50.1 Yem»eril’um Station: FFMJ, Lon: 8.7, Lat: 50.1 Pressure. Station: FFM), Lon: 8.7, Lat: 50.1
71 -0.0002, Not Significant, SD: 0.248 2746 Bias: -0.0011, Not Slqnlﬁcant. SD: 0.362 1001, Bias: 0.0000, Not Significant, SD: 0.645
17.0]
2744
169 1000.5
E 168 _ 2742]
E g
4 1000.0]
g 167, £
5 2740
166 /
999.5
E 165 2738
164 .
2736
163 Total average Total average Total average
Average per hour Average per hour Average per hour
162 2734 9985
s 16 15 2 s 16 15 2 s 16 2
Local Time Local Time Local Time
Precipitable Water. Station: FLIN, Lon: -102.0, Lat: 54.7 Temperature. Station: FLIN, Lon: -102.0, Lat: 54.7 Pressure. Station: FLIN, Lon: -102.0, Lat: 547
10.40 Bias: 0.0002, Not SD: 0.100 267.4 Bias: 0.0013, Not i SD: 0.356 o0 +9.753e2 _ Bias: 0.0004, Not St .216
1035 07
267.2
1030 06
267.0
10.25] o =05/
< &
£
10.20 § 266.8 goa
105 _E g 03
266.6
1010 02
266.4
1005 Total a Tblnl ay 01/ Total averag
Average per hour Aver: ge per hour Average per hour
: 10 e 10 s 10 15 20
Local Time Local Time Local Time

Pressure. Station: KSMV, Lon: 140.7, Lat: 36.0
18l0le3  Bias: 0.003

é 22 08 U
E 251 0.3, 06
2.0 02 04
249 Total average 01, erage 02 Total average
Average per hour Average per hour Average per hour
248 B 10 1 2 o0 B 10 1 2 o0 B 10
Local Time Local Time Local Time
Precipitable Water. Station: LROC, Lon: -1.2, Lat: 46.2 Temperature. Station: LROC, Lon: -1.2, Lat: 46.2 Pressure. Station: LROC, Lon: -1.2, Lat: 46.2
Bias: 0.0001, Not SD: 0.055 0 +2.76602 _Bias: 0.0002, Not SD: 0.287 12+1.0173 _Bias: 0.0006, Not SD: 0.326
08
10)
17.70) 07
_ 08, o8
g z
'5‘ ost \ 13
17.65) g gos
; 04 g
03 04
17.60) 02
02
Total averag 01 Total averag Total averag
Average per hour Average per hour Average per hour
5 16 15 2 5 16 15 2 5 16 15 2
Local Time Local Time Local Time
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MAC1

Precipitable Water. Station: MAC1, I.nn 155 u( -54.5

Temperature. Station: MAC1, Lon: 158.9, Lat: -54.5
i SD: 0.072

Pressure. Station: MACL, Lon: 158.9, Lat: -54.5

o Bias: -0.0002, Not 025 +2.681e2 _ Bias: 0.0001, Not 08 +9.97602 _Bias: 0.0005, Not Signi SD: 0.216
07
020}
125 06
T
£ g = 05|
3 2o1s g
§ 11.20 2os
£ 010} %
g 03,
1.5 02
005
Total averag Total averag 01 Total averag
Average per hour Average per hour Average per hour
. s 10 15 20 2 s 10 15 20 s 10 15 20
Local Time Local Time Local Time
PN(IDMNG Water. Station: METS, Lon: 24.4, Lat: 60.2 Temperature. Station: METS, Lon: 24.4, Lat: 60.2 Pressure. Station: METS, Lon: 24.4, Lat: 60.2
s Bias: -0.0001, Not Significant, SD: 0.104 0.9 +2.69802 _Bias: -0.0003, Not Significant, SD: 0.224 L4 #10033 _Bias: 0.0003, Not Significant, SO: 0.308
12.40 08
12
12.35) 07, /\ A
10
g 12.30} Toe ;
§ 1225 § 05 2os
E1220 é 04 2
E 06,
1215 03
04
12.10] 02 erage Total average
Average per hour Average per hour
120 o s 16 15 2 2 s 16 15 2
Local Time Local Time
Pmclpl!able Water. Station: METZ, Lon: 24.4, Lat: 60.2 Temperature. Station: METZ, Lon: 24.4, Lat: 60.2 Pressure. smlon METZ Lon: 24.4,lat: 60.2
121 : -0.0002, Not Significant, SD: 0.117 0.7 #2:69502__ Bias: -0.0004, Not SD: 0.211 12410033 Bias: 0.0 SD: 0313
120 o8 10
- 05
£ 1o 08 /\ /\
i o4 £
§ 1.8 é gos
A /e ]
E 17, 04
02
16 ol 02
Total averagy - Total averagy g
Average per hour Average per hour Average per hour
2 s 10 15 20 s 10 15 20 s 10 15 20
Local Time Local Time Local Time
Pre(lpluble Waler Station: RIGA, Lon: 24.1, Lat: 56.9 Temperature. Station: RIGA, Lon: 24.1, Lat: 56.9 Pressure. S(ltlorl RIGA, Lon: 24.1, Lat: 56.9
s Not Significant, SD: 0.226 o09+2.7102__Bias: -0.0006, Not Significant, SD: 0.296 52410163 jas: SD: 0.480
144 oe 0
o7 18
—143
§ _06
£ Iy —16
i 14.2] T os. 2
H t1e
é 11 0t ]
12
03
L
02 10
139
Total average 01 Total average 08 Total average
Average per hour Average per hour Average per hour
18 s 16 15 2 o0 s 16 15 2 6 s 16
Local Time Local Time Local Time

SASS

Precipitable Water. Station: SASS, Lon: 13.6, Lat: 54.5
ias: -0.0000, Not SD: 0.097

Temperature. Station: SASS, Lon: 13 6, Lat: 545
050 +2.728¢2__ Bias: -0.0003, Not : 0.146

Pressure. Station: SASS, Lon: 13.6, Lat: 54.5
+10le3 _ Bias: 0.0002, Not Si SD: 0.318

149 18
14.90) 043 16
14.85) 049
- 14
035
.E. 1480 g - \ /\L
5 ¢ 030] £12 A4 h4
51 e
- \ 025 g 20
§ 14.70|
E 0.20}
08
14.65) o015
06
14.60) Total averag, 010 Total averag, Total averagy
Average per hour Average per hour Average per hour
1435 B 10 1 2 % 1 2 ¢ B 10 1 2

Local Time

10
Local Time

Local Time




SCo4

Precipitable Water. Station: SC04, Lon: -123.7, Lat:
Bias: -0.0016, Not SD: 0.200

48.9

Temperature. Station: SC04, Lon: -123.7, u! 489

.0069, Not Significant, SD:

Pressure. Station: SC04, Lon: -123.7, Lat: 48.9
+1.013¢3__Bias: 0.0061, Not SD: 0.541

177 2746 20
176 2744
15
—175) 2742
i . i
Ea 35 2740 £
§ 5 £ 10
§ v ‘é 2738 g
£ 172 2736
[
a7 Total a 734 Total averag Total averag
Average per hour Average per hour Average per hour
b s 10 s s 10 15 20 s 10
Local Time Local Time Local Time
Pr!(lvltlble Water. Station: TITZ, Lon: 6.4, Lat: 51.0 Temperature. Station: TITZ, Lon: 6.4, I.Il 51 0 Station: TITZ, Lon: 6.4, Lat: 51.0
s -0.0002, Not Significant, SD: 0.301 o0 273602 _Bias: -0.0002, Not Significant, S| 504100103 iy 0004, Not Significant, SD: 0.574
o8
17.0]
o1 15
Eres _ 08,
£ 9 =
g A Tos 2
166 § 210
i I i
E 16.4 03
05
02
162
Total average o1 Total average Total average
Average per hour Average per hour Average per hour
160 B 10 15 2 o0 B 10 15 2 o0 B
Local Time Local Time Local Time
Pre(lpl(able Water. Station: T n: -117.8, Lat: 33.6 Temperature. Station: TRAK, Lon: -117.8, Lat: 33.6 Pressure. Station: TRAK, Lon: -117.8, Lat: 33.6
24,68 :_0.0000, Not Slgnlﬁ(ln‘, SD: 0.076 284, Bias: 0.0011, Not SD: 0.595 1000. Bias: -0.0013, Not D:
14.60 .
2835
— 1455
£ o 999.5)
£ I -
£ 2830
s 14.50 g H
£ 999.0] —
£ s i
H 2825 §
E 998.5 |
14.40
2820
14.35) 998.0)
Total a Total averag
Average per hour Average per hour
1 s 10 15 20 L s 10 o s 10
Local Time Local Time Local Time
H’Eclvlﬁbl! Water. Station: TUKT, Lon: -133.0, Lat: 69.4 Temperature. Station: TUKT, Lon: -133.0, Lat: 69.4 TUKT, Lon: )33 0, L/ll 59 4
e 0001, Not Significan 0.018 o7 260502 _Bi Not Significant, SD: 0.166 05 Not Significan
715 Lo 0.30]
~ 05
Eraa ~ 0z
£ 9 -
i S04 £
713 E £ 020
é § 03 2
E 712 015/
02
711 o1 010
Total average . Total average Total average
Average per hour Average per hour Average per hour
710, B 10 1 2 o0 B 10 1 2 09 B 10
Local Time Local Time Local Time
Pmclpluble Water. Station: VISO, Lon: 18.4, Lat: 57.7 Temperature Station: VIS0, Lon: 1.4, Lat: 57.7 Station: VISO, Lon: 18.4, Lat: 57.7
o Bias: 0.0002, Not sD: 0.237 030+2.726e2___Bias: 0.000 304100603 0.0004, Signi SD: 0.644
o . /\_/
25
—128
£ _ 020 /\
£ I} -
5 127] < g20
§ 015 ¢
§ 1 g s
? 010
125
10
124 005
N Total averag Total a Total averag
Average per hour Average per hour Average per hour
123
15 2

10
Local Time

10
Local Time

B 10 15 20
Local Time
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WTZA

Precipitable Water. Station: WTZA, Lon: 12.9, Lat: 49.1
Bias: 0.0001, Not i SD: 0.261

Temperature. Station: WTZA, Lon: lz 9. Lll 49.1
Bias: 0.0001, Not

Pressure. Station: WTZA, Lon: 12.9, Lat: 49.1
Bias:_0.0006, Not i SD: 0.539

136 9460
2726
134
9455
-E B 2724
3 £ z
£ 130 . H
§ A £ s gouso \/ \/
§ue \ E i
H 126 2120 s
24 Total averag: e Total averag: Total averag:
Average per hour Average per hour Average per hour
122 s 10 15 20 s 10 15 20 s s 10
Local Time Local Time Local Time
Precipitable Water. station: W2, Lon: 129, Lat: 491 Temperature. Station: WTZJ, Lon: 12.9, Lat: 49.1 Pressure. Station: WTZJ, Lon: 12.9, Lat: 49.1
- Bias: -0.0002, Not Significant, SD: 0.266 o Bias: -0.0004, Not Significant, SD: 0.312 oSS Bias: 00007, Not Significant, Sb: 0.540
136 2726
Y _ama
< g
i 132 /\ 5 2722
E 13.0] \ E 2720
128 78
Total average Total average Total average
Average per hour Average per hour Average per hour
12 s 16 15 2 716 s 16 2
Local Time Local Time Local Time
Pre(lpl(able Water. Station: WTZR, Lon: 129, Lat: 49.1 Temperature. Station: WTZR, Lon: 129, Lat: 49.1 Pressure. Station: WTZR, Lon: 129, Lat: 49.1
. : -0.0000, Not SD: 0.280 - Bias: -0.0001, Not SD: 0.309 Bias: 0.0005, Not SD: 0.544
13.6) 2728 siss /\ /\ /
Eua _me \ /\
.g e g 945.0] \/ \/
§ P AN é 7.4 g
g 13.0] 22
0
128 2720 fane
Total averag Total averag Total a
Average per hour Average per hour Average per hour
126 s 943
s 10 15 20 s 10 15 20 s 10 15 20
Local Time Local Time Local Time
Precipitable Water. Station: WT2Z Lon: 12,0 Lat: 491 Temperature. Statio 12.9, Lat: 49.1 Pressure. Station: WTZZ, Lon: 12.9, Lat: 49.1
_— -0.0000, Not Significant, SD: 0.280 o s: -0.0001, Not Slgmﬁ(ant, SD: 0.303 Bias: 0.0004, Not Slgmﬁ(ant, SD: 0.546
14.0
2726 9455
I ) \ /\
i A Do Fooo \ \/
: 136 X 5 H
£ E 27122 é 9445
E 13.4
27120 944.0
132
To e
Average per hour Average per hour Average per hour
130/ 8 0435
s 16 15 2 s 16 15 2 s 16 15 2
Local Time Local Time Local Time
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8.3 Relative Diurnal Cycles

10 Diurnal cycle of Precipitable Water

- Relative diurnal cycle of Station BAKO, Lat: -6.5, Alt: 139m
== Relative diurnal cycle of Station ORID, Lat: 41.1, Alt: 726m
- Relative diurnal cycle of Station THU3, Lat: 76.5, Alt: 19m

[

-5

Precipitable Water-Mean Precipitable Water [%)]
o

~1% 5 10 15
Local Time

Figure 17. Relative diurnal cycle.
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8.4 Relative Amplitude and Maximum Deviation

15.0
13.5
Precipitable Water Precipitable Water
Time: all 12.0 Time: all
Y
1057 : P

~N
w
Relative Amplitude [%

Figure 18. Relative amplitude (left) and maximum deviatiorgkt).
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8.5 Seasonal Amplitude and Maximum Deviation

Precipitable Water, Season: Winter
Time: all

Precipitable Water, Season: Summer
Time: all

Figure 19. Seasonal amplitude.
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Precipitable Water, Season: Winter
Time: all 0.8

o
w
Maximum Deviation [mm)]

Precipitable Water, Season: Summer

o
w
Maximum Deviation [mm]

0.0

Figure 20. Seasonal maximum deviation.
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8.6 Bias: Seasonal

0.40 0.40
0.32 0.32
Precipitable Water, Season: Winter Precipitable Water, Season: Spring
Time: 4-6, 16-18 local 0.24 Time: 4-6, 16-18 local 0.24
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-0.24 -0.24
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Precipitable Water, Season: Summer Precipitable Water, Season: Fall
Time: 4-6, 16-18 local 0.24 Time: 4-6, 16-18 local 0.24
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Figure 21. Seasonal bias of January (upper left), April (uppght), July (lower left) and
October (lower right).
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8.7 Bias: Different overflight times
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Figure 22. Bias of the total climatology by using only 1 ab8 LST (upper left), 3 and 15
LST (upper right), 5 and 17 LST (middle left), 7dat® LST (middle right), 9 and 21 LST
(lower left) and 11 and 23 LST (lower right).
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8.8 Bias: Probability Density Functions of stations
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Figure 23. Probability density functions of stations with age bias.
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8.9 Bias: Relations
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Figure 24. Relations to Bias: Mean (upper left), latitudegapright), amplitude (middle
left), time-amplitude-factor (middle right) and ttime difference (bottom).
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8.10 Standard deviation: Seasonal
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Figure 25. Seasonal standard deviation of January (upp¢r Agftil (upper right), July
(lower left) and October (lower right).
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8.11 Standard deviation: Different overflight times
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Figure 26. Standard deviation of the total climatology byngsonly 1 and 13 LST (upper
left), 3 and 15 LST (upper right), 5 and 17 LST ddie left), 7 and 19 LST (middle right),
9 and 21 LST (lower left) and 11 and 23 LST (lowght).
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8.12 Standard Deviation: Diurnal Cycle
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Figure 27. Diurnal cycle of standard deviation for all season

8.13 Standard deviation: Relations
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Figure 28. Relation between mean (left) and the time diffeeestbetween minimum and
maximum precipitation (right) of the diurnal cyaslersus the standard deviation.
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8.14 Relative Values of Bias and Standard Deviation
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Precipitable Water, Time: 4-6, 16-18 local
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Figure 29. Several relations of absolute as well as relative bias and standard deviation. For

more details, see axis labels.
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Figure 30. Differences between bias/standard deviation (laeftyl relative bias/standard
deviation (right) for several features
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