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[bookmark: dbreak][bookmark: _Toc234593956]Preface
Recommendation ITU-R P.834-9, Annex 1, § 6 (pages 7 to 12), provides a model for the prediction of the effective path length (also defined as tropospheric excess path length or tropospheric path delay) on Earth-space paths.
This model (defined in the following as ITUR-ESP-Tropo) was introduced in version 5 (dated 3/2005) and it aimed to provide a reference model for the correction of tropospheric effects on the user receiver for radionavigation-satellite services (also defined as global navigation-satellite services, GNSS).
The model has been tested in a number of ESA activities using data from GNSS observation, RAOBS launches, and ground Microwave Radiometers. Therefore, it has been identified a methodology for the testing of this model that can be proposed to Study Group (SG) 3 for adoption in Recommendation ITU-R P.311 and related experimental databases maintained by SG 3 (DBSG3).
This Fascicle is intended to provide background on Recommendation ITU-R P.834-9.


TABLE OF CONTENTS
Page
Preface		1
1	Reference documents		3
2	Introduction		3
3	Background information on zenith excess path length		4
4	Description of ITU-ESP-Tropo model		6
4.1	Height scaling of meteorological data		7
4.2	Horizontal interpolation of zenith tropospheric delay		8
4.3	Mapping function of tropospheric path delay at non zenith angles		8
4.3.1	Niell mapping function		8
4.3.2	GPT2 mapping function		10
4.4	ITUR-ESP-Tropo model input parameters mapping function of tropospheric
path delay at non zenith angles		11
4.5	ITUR-ESP-Tropo model operational modes		12
4.5.1	ITUR-ESP-Tropo model input parameters in blind mode		13
4.5.2	ITUR-ESP-Tropo model input parameters in site basic mode		14
5	Testing of the ITUR-ESP-Tropo model		21
6	Conclusions		21

[bookmark: _Toc290544019]

[bookmark: _Toc234593957]1	Reference documents
[bookmark: _Ref264899299][1]	RTCA, “Minimum Operational Standards for global positioning system/wide area augmentation system airborne equipment” December 13, 2006, RTCA/DO-229 D, Washington, USA.
[bookmark: _Ref264899396][2]	Collins, J. P. (1999). “Assessment and Development of a Tropospheric Delay Model for Aircraft Users of the Global Positioning System” M.Sc.E. thesis, Department of Geodesy and Geomatics Engineering Technical Report No. 203, University of New Brunswick, Fredericton, New Brunswick, Canada, 174 pp, http://gge.unb.ca/Pubs/TR203.pdf 
[bookmark: _Ref264899522][3]	ERA: ECMWF Re-analysis project report series, “1. ERA-15 Description”, Version 2, January 1999, European Centre for Medium-Range Weather Forecasts.
[bookmark: _Ref290540292][bookmark: _Ref264899863][4]	Bevis, M., et al., “Mapping Zenith Wet Delays onto precipitable water”, Journal of Applied Meteorology, vol. 33, pp 379-386, March 1994.
[5]	Saastamoinen J, “Atmospheric correction for the troposphere and the stratosphere in radio ranging satellites” in “The use of artificial satellites for geodesy”, Geophys. Monogr. Ser. pp. 247-251, AGU, Washington, 1972.
[6]	Niell A. E., “Global Mapping functions for the atmosphere delay at radio wavelengths”, Journal of Geophysical Research, Vol. 101, No. B2, February 10, 1996, pp. 3227-3246.
[bookmark: _Ref264901879][7]	Blarzino Giulio, “Characterization of tropospheric impairments and atmospheric profiles with Numerical Weather Products” ESA/ESTEC YGT Program, Final Report September 2004.
[bookmark: _Ref264901889][8]	Martellucci A., Prieto-Cerdeira R. “Review of tropospheric models, ionospheric and multipath data and models for GNSS” Proceeding of EuCAP 2009, 23-27 March 2009, Berlin Germany, pp 3697-3702.
[9]	Askne J. and Nordius H., “Estimation of tropospheric delay from surface weather data” Radio Science, Vol. 22, Nr. 3, pp. 379-386, May-June 1987.
[10]	Hopfield H. S., “Two quartic tropospheric refractivity profile for correcting Satellite data”, Journal of Geophysical Research, Vol. 74, No. 18, August 20, 1969.

[bookmark: _Toc234593958]2	Introduction
The ITUR-ESP-Tropo model is based on the assumption that the user could not be equipped with external meteorological sensors and that the system will not broadcast tropospheric related parameters using the navigation messages. Therefore, the use of statistical tables for the assessment of local tropospheric delay conditions from generic inputs (i.e. like site latitude, longitude, elevation, day of the year and hour of the day) is proposed. Nevertheless, the proposed model can be used also when meteorological information is available from external meteorological sensors or if the local meteorological parameters (actual values or forecast) are broadcasted by a local service provider through some communication channel (i.e. GPRS or UMTS).
The ITUR-ESP-Tropo model represents an extension to the approach currently suggested by the RTCA.‑MOPS model [1], which incorporates the UNB3 model [2] for aeronautical navigation, by using input parameters derived from Numerical Weather Predictions (NWP) spatial fields. The use of spatial fields produced by the European Centre for Meteorological Weather Forecast (ECMWF, [3]) permits to increase the spatial resolution and the temporal resolution of the meteorological parameters to be used as input to the propagation model of tropospheric delay.
The background general information on models for tropospheric delay and input data is given in the following paragraph.
[bookmark: _Toc234593959]3	Background information on zenith excess path length
The frequency independent term of excess radio path length along the zenith, ZTD, which is introduced by the non-ionized atmosphere with respect to the propagation of an electromagnetic wave in empty space, can be calculated by using:

		[m]	3‑1
	 	[m/ps] = speed of light in the vacuum
	D0 = 	 non-dispersive atmospheric zenith path delay [ps]
	 = specific non-dispersive delay [ps/km]
	h = 	Height above the geoid [km]
	h0 = 	Height of the receiver above the geoid [km]
	 = 	non-dispersive atmospheric radio refractivity [ppm]
	 = 	non-dispersive radio refractivity of dry air [ppm]
	 = 	non-dispersive radio refractivity of wet air [ppm]
	k1 =	 77.6 ± 0.05 [K/hPa]; k2 = 70.4 ± 2.2 [K/hPa]; k3 = 3.739 ± 0.012 [105 K2/hPa] [4]
	pd = 	dry air pressure [hPa] at height h [hPa]
	e = 	water vapour pressure at height h [hPa]
	T = 	Air temperature at height h [K]
	p = pd + e = 	Air total pressure at height h [hPa].
The zenith excess path length can be separated into two separate components, the zenith hydrostatic excess path length ZHD and the zenith wet excess path length ZWD:

		[m]	3‑2

The zenith hydrostatic excess path length can be determined from air total pressure at the receiver height, p0, using the Saastamoinen model for ZHD [5]:

		[m]	3‑3
	 =	latitude of the receiver.
Annual and seasonal values of pressure as a function of height are provided by ITU-R
(see ref. 7, Annexes A to B).
By using eq. (3-2) and (3-3) in eq. (3-1), zenith wet excess path length is given by:

		[m]	3-4

	= 22.1 [K/hPa]

	Md = 	28.9644; Mw = 18.0152 Molar weights of dry and wet air [g/mol].
The zenith wet excess path length can also be estimated, with a reduced accuracy, from the vapour pressure at the height of the receiver, e0, and the local climatological parameters,  and Tm related to the vertical profiles of air total pressure, temperature and vapour pressure.

			[m]	3-5

		Rd = 287.054 [J/(Kg K)]


= Effective Mean temperature of the water vapour column above the receiver [K]
 
= Gravity acceleration at the mass centre of air [m/s2]
This equation is assumed to be valid under the following condition: 
Equation 3-5 can be simplified at expenses of a further reduction in accuracy, by assuming that the parameter Tm is related to air temperature at the receiver position, T0, by the following equation:

		[K]	3‑6

 = air temperature lapse rate in the troposphere [K/km]
This equation is assumed to be valid under the following condition: 
By using equation (3-6), equation (3-5) can be rewritten as (see ref. 2): 

	  [m]	3‑7

Equation (3-7) can be further simplified, with an additional reduction of accuracy, by discarding the contribution of k’2 with respect to k3 and by assuming reference values of the parameters  and . By using the values  = 6.2 K/km and = 3, which make eq. (3-7) to agree numerically with the Saastamoinen model, ZWD can be approximated by:

		[m]	3‑8

 = water vapour density at height h [g/m3].
The annual values of surface water vapour density exceeded for various percentages of the year (1 to 50 %) are provided by ITU (see ref. 8). Annual, seasonal and daily mean profiles of water vapour density as a function of height are provided by ITU-R (see ref. 7, Annexes A to C).
[bookmark: _Toc234593960]4	Description of ITU-ESP-Tropo model
For a receiver located on the surface of the Earth the hydrostatic and wet zenith delay can be calculated using the following equations:

		[m]	4‑1

		[m]
where the input parameters are:
	lat = 	latitude of the location [deg]
	h = 	height of the location above sea level [km]
	ps , es = 	air total pressure and water vapour pressure at earth surface [hPa]
	Tms =	Mean temperature of the water vapour above the surface [K]
	 = 	vapour pressure decrease factor.
The physical constants are:
	Rd = 	R/Md = 287.0 J/(Kg K)
	R = 	molar gas constant = 8.31434 [J/mol K]
	Md = 	Dry air molar mass = 28.9644 [g/mol]
	k1 = 	77.604 [K/hPa]
	k2 = 	373900 [K2/hPa])
	gm = 	Gravity acceleration at the mass centre of air [m/s2].
	   [m/s2]	4‑2
The values of the tropospheric zenith delay can be scaled to different altitudes, sites and link elevation angles, using the algorithms provided in the following sections.
[bookmark: _Ref62378851][bookmark: _Toc265826143][bookmark: _Toc265911672][bookmark: _Toc234593961]4.1	Height scaling of meteorological data
For receivers located at height from the mean sea level h [km][footnoteRef:1], different than the surface height[footnoteRef:2] hs, the values of the input meteorological parameters can be extrapolated from surface values, Tms, es and ps, using the following equations: [1: 	It is to be noted that the altitude above mean sea level, h, is different from the height above an assumed ellipsoid as calculated by navigation receivers. In order to derive the altitude above mean sea level, h, from height above the ellipsoid the user shall consult reference document [1], Annex H, page H-2, see discussion on labels 076 and 370, (GNSS altitude MSL and GNSS Height) or refer to Annex A.]  [2: 	The altitude of the surface refers to the reference height used by ECMWF for the generation of the ERA15 numerical weather product. For this reason, in the equations for height scaling of meteorological data provided in section 4.1, the hs parameter shall be set equal to the reference surface height provided by ECMWF.] 

		[K]

		[hPa]	4‑3

		[hPa]
where the required additional input parameters are:
	m = 	lapse rate of the mean temperature of water vapour [K/km]
	Ts = 	Air temperature at surface. It can be derived using the following equation.

		[K]	4‑4

	 =	Lapse rate of air temperature [K/km]. It can be derived using the following equation[footnoteRef:3]. [3: 	Refer to Annex B: Procedure to derive the relationship between  and m for the description of the derivation of this parameter.] 


		 [K/km]	4‑5

and the physical constants are:

	= 	Rd /1000 = 0.287 [J/(g K)]
	g = 	Gravity acceleration at surface [m/s2].
	  [m/s2]	4‑6
[bookmark: _Toc265826144][bookmark: _Toc265911673][bookmark: _Toc234593962]4.2	Horizontal interpolation of zenith tropospheric delay
If the receiver position does not correspond to one of the provided input data grids, then horizontal spatial interpolation can be performed out by:
•	Calculating the tropospheric delay for each one of the grid points which are located around the receiver position (see Figure 1). Tropospheric delay has to be calculated for the same receiver vertical height.
•	Tropospheric delay at receiver position can be derived from tropospheric delay at grid points located around by means of bilinear spatial interpolation, using latitude and longitude values as input.
Figure 1
Geometries for spatial interpolation
Top diagram: procedure to scale values at grid points to the receiver height
Bottom diagram: Procedure to perform the bilinear horizontal interpolation
(+ = Receiver position;  = Grid point of the map)



[bookmark: _Toc265826145][bookmark: _Toc265911674][bookmark: _Toc234593963]4.3	Mapping function of tropospheric path delay at non zenith angles
[bookmark: _Toc234593964]4.3.1	Niell mapping function
Total tropospheric delay along directions different from the zenith, TD(), can be calculated by using the mapping functions, mh () and mw (), for the hydrostatic and wet delay:

			4‑7

where:
	 =	elevation angle [deg].
Mapping functions proposed by Niell [6], can be used for elevation angles, , not lower than 3 [deg].

				4‑8

where:



The coefficients of the hydrostatic delay mapping function, ch1, ch2 and ch3 depend on the latitude, lat, and are characterized by a seasonal fluctuation:

			4‑9

where:
	cai, cfi = 	average value and seasonal fluctuation of the parameters ch1, ch2 and ch3 (i=1,2 and 3). See tables Table 4‑1 and Table 4‑2.
	Dy.= 	day of the year [1 ..365.25]
	D0 = 	Day of the year of seasonal minimum value 28 and 211, for northern and the southern hemisphere, respectively.
[bookmark: _Ref45085300]Table 4‑1
Average value of the coefficients of the hydrostatic delay mapping function
	
	Absolute value of Latitude [deg]

	Coefficient
	0 ..15
	30
	45
	60
	75 .. 90

	ca1
	1.2769934·10–3
	1.2683230·10–3
	1.2465397·10–3
	1.2196049·10–3
	1.2045996·10–3

	ca2
	2.9153695·10–3
	2.9152299·10–3
	2.9288445·10–3
	2.9022565·10–3
	2.9024912·10–3

	ca3
	62.610505·10–3
	62.837393·10–3
	63.721774·10–3
	63.824265·10–3
	64.258455·10–3


[bookmark: _Ref45085302]
Table 4‑2
Seasonal fluctuation of the coefficients of the hydrostatic delay mapping function
	
	Absolute value of Latitude [deg]

	Coefficient
	0 ..15
	30
	45
	60
	75 ..90

	cf1
	0.0
	1.2709626·10–5
	2.6523662·10–5
	3.4000452·10–5
	4.1202191·10–5

	cf2
	0.0
	2.1414979·10–5
	3.0160779·10–5
	7.2562722·10–5
	11.723375·10–5

	cf3
	0.0
	9.0128400·10–5
	4.3497037·10–5
	84.795348·10–5
	170.37206·10–5



The values of the coefficients at different latitudes can be derived by linear interpolation.
The hydrostatic mapping function, mh (), is referred to the mean sea level.
To calculate the hydrostatic mapping function at the height of receiver, mh(,h), where h [km] is the height above mean sea level, the following correction can be used:

			4‑10

where:

	


	ch1, ch2, ch3 = 	height correction coefficients of the hydrostatic mapping function. See Table 4‑3.
	 = 	see equation 4-8.
[bookmark: _Ref264899912]Table 4‑3
Height correction coefficients of the hydrostatic delay mapping function
	Coefficient
	Value

	ch1
	2.53·10–5

	ch2
	5.49·10–3

	ch3
	1.14·10–3



The coefficients of the wet delay mapping function, cw1, cw2 and cw3 depend exclusively on the latitude, lat, and their values are given in the following table.
Table 4‑4
Coefficients of the wet delay mapping function
	
	Absolute value of Latitude [deg]

	Coefficient
	0 ..15
	30
	45
	60
	75 .. 90

	cw1
	5.8021897·10–4
	5.6794847·10–4
	5.8118019·10–4
	5.9727542·10–4
	6.1641693·10–4

	cw2
	1.4275268·10–3
	1.5138625·10–-3
	1.4572752·10–3
	1.5007428·10–3
	1.7599082·10–3

	cw3
	4.3472961·10–2
	4.6729510·10–2
	4.3908931·10–2
	4.4626982·10–2
	5.4736038·10–2


[bookmark: _Toc265826146][bookmark: _Toc265911675]
[bookmark: _Toc234593965]4.3.2	GPT2 mapping function
The GPT2 mapping functions are based on the same functional modelling of the mapping functions:

	
	
The mapping function implemented in GPT2 [2] can be used for elevation angles down to 3 degrees. The coefficient  and  are taken from Niell for . The coefficient  is fixed to . The other three parameters cannot be fixed. The coefficient  is a function of day of the year  and latitude ().

	
The parameter  allows differing between northern and southern hemisphere. The parameters , ,  and  are given in Table 4-5.
[bookmark: _Ref377647174][bookmark: _Toc359417307][bookmark: _Toc377647938][bookmark: _Toc413771635]Table 4-5
Parameters to calculate the ch-coefficient
	Hemisphere
	
	
	
	

	northern
	0.062
	0.001
	0.005
	0

	southern
	0.062
	0.002
	0.007
	



The two coefficients  and  are derived from monthly mean ERA-Interim profiles and stored as average value (A0), annual coefficients (A1, B1) and semi-annual coefficients (A2, B2) on a global grid of 5° x 5°.


[bookmark: _Toc234593966]4.4	ITUR-ESP-Tropo model input parameters mapping function of tropospheric path delay at non zenith angles
The required model input parameters are summarised in the following table.
Table 4‑6
Description of the input parameters
	Model Input
	Description

	h
	Height of the receiver [km][footnoteRef:4] [4: 	It is to be noted that the altitude above mean sea level, h, is different from the height above an assumed ellipsoid as calculated by navigation receivers. In order to derive the altitude above mean sea level, h, from height above the ellipsoid the separation between the earth geoid and the assumed ellipsoid the user shall consult reference document [1], Annex H, page H-2, see discussion on labels 076 and 370, (GNSS altitude MSL and GNSS Height).] 


	lat
	Latitude of the receiver [deg]

	
	Link elevation angle [deg]

	ps
	Air total pressure at surface[footnoteRef:5] [hPa] [5: 	The altitude of the surface refers to the reference height used by ECMWF for the generation of the ERA15 numerical weather product. For this reason, in the equations for height scaling of meteorological data provided in section 4.1, the hs parameter shall be set equal to the reference surface height provided by ECMWF.] 


	Tms
	Mean temperature of the water vapour above the surface [K]

	m
	Mean temperature lapse rate [K/km]

	es
	Water vapour pressure at surface [hPa]

	
	Vapour pressure decrease parameter



The parameters derived internally by the model are:
Table 4‑7
Description of the derived parameters and applicable input data sources
	Derived Parameter
	Description

	Ts
	Air temperature at the surface [K]

	
	Air Temperature Lapse Rate [K/km]


[bookmark: _Toc265826147][bookmark: _Toc265911676][bookmark: _Toc234593967]4.5	ITUR-ESP-Tropo model operational modes
The model can be used in different ways, depending on the available input data.
The model input parameters can be derived from: local ground meteorological measurements and climatological parameters (i.e. long-term statistics).
The model can be operated in one of the following modes:
I)	Blind Mode[footnoteRef:6]
All the input parameters are derived from the climatological maps stored in the receiver. [6: 	This mode is the mode recommended in previous versions of this document with no change on SW implementation. The new modes represent an extension of the original model aimed to provide higher accuracy using external data.] 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]II)	Site Basic Mode
Ground meteorological parameters are derived in real-time from a basic local meteorological station[footnoteRef:7], the other model parameters are derived from the climatological maps stored in the receiver. [7: 	A basic ground meteorological station is equipped with instruments to measure: air total pressure, air temperature and air humidity and it is assumed to be calibrated according to the specifications of the manufacturer.] 

The relationship between modes of the model and possible sources of data is described in the following table.
Table 4‑8
Modes of the model and applicable input data sources (=yes, = no)
	Mode
	Description
	Ground Meteorological data
	Climatological Maps

	I
	Blind Mode
	
	

	II
	Site Basic Mode
	
	



The model input data for each one of the operational modes are described in the following chapters.
[bookmark: _Ref256002362][bookmark: _Ref264903413][bookmark: _Toc265826148][bookmark: _Toc265911677][bookmark: _Toc234593968]4.5.1	ITUR-ESP-Tropo model input parameters in blind mode
In this case the model input parameters can be derived from long-term statistical values (i.e. climatological data) by assuming for the model parameters a seasonal and a diurnal fluctuation, according to the following table:
Table 4‑9
Blind” mode
	
	Parameter
	Seasonal Fluctuation

	X1
	ps
	

	X2
	Tms
	

	X3
	m
	

	X4
	es
	

	X5
	
	



For parameters affected only by seasonal fluctuations the value of each parameter Xi is given by:

			4‑11

where:
	a1i = 	average value of the parameter
	a2i = 	seasonal fluctuation of the parameter
	a3i = 	day of the minimum value of the parameter
	Dy.= 	day of the year [1 .. 365.25].
The values of the parameters of this harmonic model, a1, a2, a3, for each meteorological parameter, are contained in digital maps with a resolution of 1.5 x 1.5 [deg]. Therefore, in total 16 digital maps are needed.
The digital maps have been calculated by fitting the harmonic model to monthly and hourly climatological values derived from the ECMWF ERA15 database (see [7], [3] and [8]).
All the meteorological parameters calculated by using equation (4-1) are defined at the height used by ECMWF as a reference for surface in ERA15 product (see [3]). This height is the result of the transformation of the input orography with a spectral representation truncated at wave number 106 (T106). For this reason, in the equations for height scaling of meteorological data, the hs parameter shall be set equal to the reference surface height provided by ECMWF. The background information on the derivation of lambda parameter is given in § 10, Annex C: Procedure for the calculation of the  parameter.
In the following paragraphs examples of the input data maps are given.
The spatial distribution of model parameters for seasonal fluctuation of air total pressure at surface reference height, ps, is given in Figure 2.
The spatial distribution of model parameters for seasonal fluctuation of mean temperature of moist air at surface reference height, Tms, is given in while equivalent maps for the daily fluctuations, parameter b2, are given in Figure 4.
The spatial distribution of model parameters for seasonal fluctuation of mean temperature lapse rate, m, is given in Figure 4.
Mean temperature lapse rate, parameters for the seasonal fluctuation.
The spatial distribution of model parameters for seasonal fluctuation of water vapour pressure at reference height, es, is given in equation (4-11). The spatial distribution of model parameters for seasonal fluctuation of the decrease factor of water vapour pressure, , is given in equation (4-11).
[bookmark: _Toc265826155][bookmark: _Toc265911684][bookmark: _Toc234593969]4.5.2	ITUR-ESP-Tropo model input parameters in site basic mode
In this case the local meteorological station shall provide the following model input parameters:
Table 4‑10
Input model parameters provided by the local meteorological station
	ps
	Air total pressure at surface [hPa]

	Ts
	Surface air temperature [K]

	es
	Water vapour pressure at surface [hPa]



The following model input parameters are derived from climatological data as described in section 4.5.1 for the model Blind mode.
Table 4‑51
Input model parameters provided by the climatological data (ERA15)
	Tms
	Mean temperature of the water vapour above the surface [K]

	m
	Mean temperature lapse rate [K/km]

	
	Vapour pressure decrease parameter

	
	Air temperature lapse rate [K/km]



[bookmark: _Ref28166043]Figure 2
Air total pressure at reference height, parameters for the seasonal fluctuation
[image: ]
Figure 3
Mean temperature of water vapour at reference height, parameters for the seasonal fluctuation
 [image: ]
[bookmark: _Ref28166452]Figure 4
Mean temperature lapse rate, parameters for the seasonal fluctuation
[image: ]
Figure 5
Water vapour pressure at reference height, parameters for the seasonal fluctuation
[image: ]
Figure 6
Water vapour decrease factor, parameters for the seasonal fluctuation
[bookmark: _Ref28166847][image: ]
[bookmark: _Toc234593970]5	Testing of the ITUR-ESP-Tropo model
The model can be tested using independent estimates of ZHD, ZWD and ZTD provided by processing of data from GNSS receivers, Radiosonde observations and retrieval from Ground based microwave radiometers.
The original model included also daily variations, and it was tested using time series of data provided by IGS GNSS network to derive mean, standard deviation, r.m.s., min and max value of the error. The accuracy resulted to be in the range of 3 to 6 cm r.m.s. (dependent on latitude). Another verification, based on an ECMWF product independent from ERA15 provided a global r.m.s. error of the ZTD of about 4.5 cm.
For testing of ITUR-ESP_Tropo model it is suggested to define an experimental table similar to the one currently recommended by Recommendation ITU-R P.311 for Table IV-9: Total columnar water vapour content.
[bookmark: _Toc234593971]6	Conclusions
The material presented in this fascicle provides the theoretical background, derivations, and implementation considerations underlying the tropospheric excess path length model adopted in Recommendation ITU‑R P.834‑9. By documenting the physical assumptions, parameterizations, and mapping functions used in the ITUR‑ESP‑Tropo model, this fascicle clarifies the relationship between the model inputs, the underlying atmospheric profiles, and the resulting zenith and slant-path delays.
The analysis highlights the importance of consistent height referencing, appropriate scaling of meteorological parameters, and the use of harmonically fitted climatological fields derived from ECMWF reanalysis data. The model’s operational modes—Blind Mode and Site Basic Mode—provide flexibility for a wide range of user equipment capabilities, from GNSS receivers without meteorological sensors to systems supported by local surface observations.
Testing results referenced in this document confirm that the model achieves an accuracy on the order of a few centimetres in zenith total delay, consistent with the needs of radionavigation-satellite services. The proposed methodology for future validation, including the use of GNSS, radiosonde, and microwave radiometer datasets, offers a clear path for continued refinement and for integration into Recommendation ITU‑R P.311 experimental databases.
Overall, the ITUR‑ESP‑Tropo model provides a robust, globally applicable, and computationally efficient framework for estimating tropospheric path delay on Earth–space links. The supporting derivations and procedures documented here ensure transparency, reproducibility, and a solid foundation for future updates to Recommendation ITU‑R P.834.
[bookmark: _Ref290543892]



Annex A

Note on the conversion from ellipsoidal to orthometric height
The relationship between the altitude of the receiver above the mean sea level (i.e. the orthometric height or the height of the receiver above the geoid) and the height of the receiver above the ellipsoid (usually provided by a GNSS receiver is given in Figure 7.
[bookmark: _Ref275612507]Figure 7
Geometrical Relationship between the altitudes of the receiver with respect to the different reference surfaces
Green line = Physical surface of the earth,
Red dashed line = geoid surface, Black line = ellipsoid surface)
[image: ]
So, the relationship between the parameters is:



where:
	hr =	height of the receiver above the ellipsoid provided by the receiver
	hb = 	height of the receiver above the geoid (input to the blind model)
	N =	undulation, the height of the geoid above the ellipsoid.
For the ellipsoidal model refer to WGS84, For the geoid model refer to EGM96 or EGM2008 
(see http://cddis.gsfc.nasa.gov/926/egm96/egm96.html or
http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/).
SW procedures for calculating N can be found on http://geographiclib.sourceforge.net/1.33/geoid.html.
N can be derived from the geoid with a resolution up to 1'.
It would be better to use the original resolution of N but in practice we can reduce the resolution by averaging the values on a grid within the coverage of a pixel to be consistent with the resolution of the current tropo blind model.
The average should also provide sigma minimum and maximum values of N within the pixel to identify eventual major outliers.
In addition, note that this procedure shall be applied only to the receiver altitude and not to the scaling in height of the input parameters of the blind model for which the ECMWF reference heights (provided with the model) have to be used.
[bookmark: _Ref290544053]

Annex B

Procedure to derive the relationship between  and m
[bookmark: _Ref263440882]1)	Hydrostatic equation:


[bookmark: _Ref263440887]
2)	Approximation of the water vapour density:


[bookmark: _Ref263440927]
3)	By inserting 2) into 1):


[bookmark: _Ref263439503]
4)	Approximation of the air temperature profile:

			
[bookmark: _Ref263440944]
5)	By inserting 4) into 3):


[bookmark: _Ref263439517]6)	Equation 5) is solved by the function:


[bookmark: _Ref263439533]
7)	Approximation of water vapour pressure profile:


[bookmark: _Ref263438796]
8)	Definition of the air temperature averaged along the water vapour column, Tm, at ground:



[bookmark: _Ref263439568]9)	Definition of the air temperature averaged along the water vapour column, Tm, at altitude z[footnoteRef:8]: [8: 	In this equation the variable of integration, dz as defined in ‎8), is defined as ds to avoid confusion with the lower value of the domain of integration, z.] 




10)	By combining 4), 6) and 7) into 8):


[bookmark: _Ref263439849]
11)	Similarly, by combining 4), 6) and 7) into 9):


[bookmark: _Ref263439959]
12)	Approximation of the mean air temperature profile:


[bookmark: _Ref263439972]
13)	By using 4) into 11):


[bookmark: _Ref263440144]
14)	By using 12) into 13):


[bookmark: _Ref263440445]
15)	By equating terms in 12) and 14):


[bookmark: _Ref263440623]
16)	Equation 15) can be expressed as:


17)	Equation 16) is solved by assuming a realistic lapse rate:


[bookmark: _Ref290543992]

Annex C

Procedure for the calculation of the  parameter
The λ parameter of the ITU-R-ESP-Tropo model is derived using to the modelling proposed in W. L. Smith, Note on the Relationship Between Total Precipitable Water and Surface Dew Point, Journal of applied Meteorology, vol. 5, pp. 726-727, 1966.
In particular the following equations are used:

			(C.1)

where IVW = total precipitable water vapour content [mm], 1 ≈ 1000 [kg/m3] (density of water), w(z)= density of water vapour [kg/m3] at height z, z =height above the geoid [m], and s is the altitude of the surface above the geoid.
By using the relationship between w and e, water vapour pressure:

			(C.2)

where w = 461.5 [J/kg K] (individual gas constant for water vapour), e(z) = water vapour pressure at altitude z [Pa], T(z) = air temperature [K] at altitude z:

			(C.3)

By assuming that the relationship between air pressure and water pressure is controlled by :

			(C.4)

Equation (C.3) can be rewritten as:

		(C.5)

The hydrostatic equation can be used to change the integration variable from z to P:

			(C.6)

Therefore equation (C.5) can be rewritten as:

		(C.7)

where Rd/Rw = 0.622.
Therefore  can be derived from IVW and es using the following relationship:


			(C.8)


In the original data processing for ITUR-ESP_Tropo model, the value of  was derived the original profiles and the first level ECMWF ERA15 data (IVW and e1). It has to be noted that the first model level of ECMWF ERA15 data is higher than the reference height of ERA15 data, which is derived from the geopotential map, and for which pressure was also provided. Therefore, the values of es to be used by the GALTROPO model were derived by extrapolation using the  and  parameters derived from the original profile.
_______________
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