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This user manual covers a code for generating rainfall and a code for generating other weather variables: temperatures, cloudy and clear days, extraterrestrial radiation, and potential evapotranspiration. At this time, snow cannot be handled by the codes. The rainfall generator (WhollStopTheRain3) can be operated on its own. The generator of temperatures, extraterrestrial radiation, and potential evapotranspiration (TheHeatIsOn2) needs three of the output files of the rainfall generator to run successfully. When used together, it follows that the rainfall generator must complete its run before the execution of TheHeatIsOn2 can be started. Both codes take into account leap years. WhollStopTheRain3 therefore rounds up the specified length of the rainfall record (to be specified in years) to the nearest larger multiple of four, lets the time record start at 0.00 h of January 1st, and makes every fourth year a leap year. TheHeatIsOn2 reads the length of the time record from the output of WhollStopTheRain3, and assumes every fourth year is a leap year. Thus, both codes have their time lines matched up correctly.
Both codes are set to create new output files when none exist and overwrite older versions of their output files if they exist. Missing input files cause a run−time error. The executables and their input files must be in the same folder or directory. The output files are written to this folder or directory as well.
TheHeatIsOn2 requires that the unit of time is day, and the unit of length is mm (used to express rainfall, evapotranspiration, and extraterrestrial radiation in equivalent mm water column). If WhollStopTheRain3 is used in conjunction with TheHeatIsOn2, days and mm should be used as the units of choice for the input parameters in input file RainPar.IN. The scientific community that works on rainfall frequently prefers the hour as the unit of time. Table U1 (see below) therefore provides useful conversion factors for all input variables of WhollStopTheRain3. In this user manual, all parameters that appear in the code will be identified by their names as used in the code. Greek characters will typically be written out in full.
In addition to this user manual, the source code files have extensive comments in them that offer further explanations. In particular, the interface of each subroutine and function is described in detail.

1. The rainfall generator
WhollStopTheRain3 simulates rainfall according to one of several Bartlett−Lewis−type models described in Pham et al. (2013). Of these, the most basic is left out. The others are the model described by Rodriguez−Iturbe et al. (1988) or modifications thereof. One of these modifications is based on Onof et al.'s (2013) suggestion to truncate the gamma−distribution of eta (see below). Another is to replace the exponential distribution of the rainfall rate in a rainfall cell by a gamma distribution (Onof and Wheater, 1994). 
This leads to four model configurations (abbreviations according to Pham et al., 2013):
1) MBL: Bartlett−Lewis with the parameters characterizing a storm (pdf of storm duration and pdf of cell arrival times) related to a gamma−distributed parameter eta. The rainfall rate in a rain cell has an exponential distribution. This is the Modified Bartlett−Lewis model, introduced by Rodriguez−Iturbe et al. (1988).
2) TBL: As MBL, but with a truncated gamma distribution for eta (Truncated Bartlett−Lewis).
3) MBLG: As MBL, but with the rainfall rate per cell having a gamma distribution.
4) TBLG: As TBL, but with the rainfall rate per cell having a gamma distribution. 
For very long rainfall series, using the untruncated gamma distribution can lead to physically unrealistic rainfall amounts for small values of eta because the moments of the gamma distribution are unbounded for values of alpha < 4 (Onof et al., 2013). Excessively small values of eta can be avoided by simply not permitting values below a threshold lower_eta, which is the rationale for TBL and TBLG. Pham et al. (2013) found that MBL outperformed the other models, but still TBL might be a good choice. For that reason, MBL and MBLG are not explicitly included in the input. To run an MBL− or MBLG−type model, the parameter lower_eta, which gives the lower threshold for eta, needs to be set to zero in the input file for each period for which the parameters are given.
The code requires the model parameters for arbitrary periods of time in which a year is subdivided (usually for each month). Storms are generated for a given period until the starting time of a storm is beyond that period. This starting time is not discarded, but it serves as the starting time of the first storm in the period in which it occurs. The parameters of that storm are generated using the pdfs for the period in which it occurs, not the period in which it was generated. Subsequent storms are generated using the parameters of that period. Rain cells in a storm are generated until a rain cell has a starting time that exceeds the time at which the storm ends. This latest cell is discarded. Rain cells may overlap, creating irregular rainfall rates over time. 
The resulting rainfall from individual cells is used to create a time line of rainfall rates (including zero, for dry spells) that gives a continuous record of the rainfall rate as a function of time. This record is processed to provide hourly, daily, monthly, and annual sums. The time line and hourly rainfall sums are only written to output files if the input file stipulates this. The daily, monthly, and annual rainfall sums are always written to output files.

1.1. Input
The single input file RainPar.IN contains a problem label (ProblemLabel), a label (ModelType) that indicates whether the rainfall rate of a cell is gamma ('Gam') or exponentially ('Exp') distributed, and a label (Months_Yes_or_No) to indicate whether the time periods for which the parameters are given are months ('Yes' or 'No'). If 'No', the number of periods for which parameters are given ( 1) needs to be specified (NrOfPeriods). Label 'Output' indicates whether or not additional information about the structure of rain storms should be written to file Diagnostics.OUT. 
Irrespective of the periods being months or not, the number of years for which rainfall is to be generated needs to be given (NrOfYears). This number is rounded up to a multiple of four. The simulated rainfall record starts on January 1st 00:00 hrs, and ends on December 31, 24:00 hrs. In the simulated period, every fourth year is a leap year. The model assumes that the time unit is a day, and that the specified periods (if they are not months) together constitute a non−leap calendar year. 
The following parameters are required for each time period: 
lambda [T−1] (governs the exponentially distributed intervals between storm arrival times)
mux ([LT−1] when the rainfall rate per cell is exponentially distributed, dimensionless if it is gamma−distributed − mux then is the shape parameter) (governs cell depth, i.e. rainfall rate)
murate [TL−1] (this is the rate parameter of the gamma distribution of the rainfall rate)
alpha (dimensionless shape parameter of the gamma distribution of eta, with eta [T−1] governing the exponential distribution of cell durations within a storm and the durations of storms themselves)
nu [T−1] (rate parameter of that gamma distribution) 
kappa (kappa multiplied by eta is the parameter of the exponential distribution of intervals between rain cell starting times within a storm)	
phi (phi multiplied by eta is the parameter of the exponential distribution of the duration of a storm)
lower_eta [T−1] (the minimum permitted value of eta). 
 
N.B. Eta in Pham et al. (2013) has dimension T−1, and its rate parameter nu has dimension T. Onof and Wheater (1994) gave the scale parameter delta the opposite units of the rainfall rate, it is therefore a rate parameter, just as nu. In the code, their shape parameter p is represented by mux. Their rate parameter  is represented by murate. Variable mux holds the reciprocal of the parameter of the exponential distribution of the rainfall rate if it is not gamma−distributed, which is the mean rainfall rate [LT−1]. Inconsistent with this, but consistent with the notation in the cited literature, the rate parameter of the rainfall rate has dimensions TL−1. The reciprocals of nu and murate must be used by the routine that generates Gamma variates (DrawGammaValue). 
When lower_eta is set to zero, the model simplifies to the MBL or MBLG.  Beta (not required on input) governs the exponential distribution of intervals between arrival times of rain cells within storms, and gamma [T−1] (not required on input) the exponentially distributed storm duration.  For a full description see Rodriguez−Iturbe et al. (1988) and Pham et al. (2013). The latter also gives monthly parameter values for the Uccle (Ukkel) rainfall gauge in Belgium. Only if the time periods do not reflect months should the input file contain the starting times (in days since the start of the year) of the periods for which the parameters are valid (StartTimes). The first period must start at time 0.0. The starting times should be valid for non−leap years. For leap years, the program adds a day to the period with February 29th in it. The final period of which the starting time is given on input is assumed to end at the end of a non−leap year (365.0 days). Finally, RainPar.IN contains an arbitrary integer number that helps initialize the random number generator (Seed1).
When multiple parameters are entered in one record in the input file they need to be separated by at least one space. The input file has the following format:
Line 1: Problem label (maximum 120 characters)
Line 2: will not be read, can be used for a label.
Line 3: Months_Yes_or_No. Fill in YES, YE, or Y (case insensitive) if the model parameters are given for months. Other input will be treated as no.
Line 4: will not be read, can be used for a label.
Line 5: ModelType. Fill in GAMMA, GAMM, or GAM (case insensitive) if the rainfall rate of a cell is gamma distributed. Anything else will result in an exponential distribution rainfall rates for individual cells.
Line 6: will not be read, can be used for a label.
Line 7: Output. Fill in YES, YE, or Y (case insensitive) if additional informative output about storms and cells is desired. Other input will be treated as no.
Line 8: will not be read, can be used for a label.
Line 9: FullRecord. Fill in YES, YE, or Y (case insensitive) if a file with the continuous time line of time intervals and their rainfall rate is to be generated. Other input will be treated as no.
Line 10: will not be read, can be used for a label.
Line 11: HourlyRain. Fill in YES, YE, or Y (case insensitive) if a file with hourly sums of rainfall is to be generated. Other input will be treated as no.
Line 12: will not be read, can be used for labels.
Line 13: Seed1, (NrOfPeriods, if Months_Yes_or_No equals 'Yes' or one of its equivalents), NrOfYears. 'Seed1' is a large, arbitrary integer that initializes the random number generator. 'NrOfPeriods' gives the number of periods in a year for which the rainfall parameters are available. This number defaults to twelve when Months_Yes_or_No equals 'Yes' or one of its equivalents). NrOfYears gives the number of years that need to be covered by the rainfall record. The code rounds up the number of years to the next multiple of four to facilitate the inclusion of leap year. 
Line 14: will not be read, can be used for labels.
Line 15 through line (14 + NrOfPeriods) give the parameters for period I (I runs from 1 to NrOfPeriods) in the following order: lambda(I), mux(I), (murate(I), if ModelType = GAM or any of its equivalents), alpha(I), nu(I), kappa(I),  phi(I), lower_eta(I), (StartTimes(I), if Months_Yes_or_No equals 'Yes' or one of its equivalents). Parameter murate(I) is needed if the rainfall rate per cell is gamma distributed. In that case, mux(I) gives the shape parameter of the gamma distribution, while murate gives the rate parameter. StartTimes(I) only needs to be included if the periods do not reflect months. The first entry (StartTimes(1)) needs to be 0.0, and the times must be in ascending order. The last entry (StartTimes(NrOfPeriods)) should not exceed 365.0. The start times are valid for a non−leap year. The code will increase the period in which February 29th falls by one day every fourth year.
 
N.B. The code requires that the unit of time is one day. If the parameters were determined for other time units they need to be converted. In the table below, the ratio day/unit is the number that results if the origin unit (unit) and the target unit (day) are both expressed in terms of the same unit. If the original unit is 1 hour, day/unit becomes 24. See Table U1 for conversion factors.

Table U1. Conversion factors for the input parameters in case time is expressed in other units than days.
	Parameter
	Dimension
	Value in terms of

	
	
	original unit
	days
	days if original unit is 1 hour

	lambda(I)
	T−1
	x
	x ∙ day/unit
	24x

	mux(I) (ModelType ≠ Gamma)
	LT−1
	x
	x ∙ day/unit
	24x

	mux(I) (ModelType = Gamma)
	−
	x
	x
	x

	murate(I)
	TL−1
	x
	x ∙ unit/day
	x/24

	alpha(I)
	−
	x
	x
	x

	nu(I)
	T
	x
	x ∙ unit/day
	x/24

	kappa(I)
	−
	x
	x
	x

	phi(I)
	−
	x
	x
	x

	lower_eta(I)
	T−1
	x
	x ∙ day/unit
	24x

	StartTimes(I)
	T
	x
	x ∙ unit/day
	x/24




1.2. Output 
File Diagnostics.OUT contains a limited echo of the input as well as information about the way the input data was processed. It also contains some statistics about the generated rainfall record.
File Rainfall_Rate.OUT contains the times at which the rainfall rate changes and gives the rainfall rate for the period between the time in the same record and the time in the previous record (or zero for the first record). The rainfall rates appear in the first column, the times separating the time intervals are in the second column. 
File Hourly_Rainfall.OUT contains the hourly sums for the rainfall of the entire simulation period. The sum in a record is valid for the hour preceding the time in that record. This file is only produced if HourlyRain (in Module Parameters) equals 'Yes'. 
File Daily_Rainfall.OUT contains the daily sums for the days ending at the times for which the sums are given. For both files, the first column gives the time (the unit is day), and the second column the total rainfall in the hour or day preceding the time in the same row. 
Files Monthly_Rainfall.OUT and Annual_Rainfall.OUT give the monthly (annual) sum in the second column for the month (year) number in the first column. The hourly, daily, monthly, and annual sums of rainfall are stored in arrays HourlySum, DailySum, MonthlySum, and AnnualSum in Module RainfallTimeline for potential future additions to the code. 
File Rain_Statisitcs.OUT gives the average and the standard deviation of the annual and monthly rainfall sums.

2. The generator of extraterrestrial radiation, cloudy and clear days, temperatures, and potential evapotranspiration
TheHeatIsOn2 generates a temperature record with daily values of the mean, minimum, and maximum temperature. The daily trend is composed of a long−term average with annual normally distributed fluctuations and a sinusoidal annual trend around the annual average. The amplitude of the sinusoidal annual trend has normally distributed variations around its mean. Superimposed upon this trend are first−order autoregressive variations of the detrended daily mean temperature, with the shocks normally distributed with zero mean.
For cloudy days, the amplitude of the sinusoidal trend is reduced. The minimum and maximum temperatures are computed by superimposing lognormally distributed fluctuations. The standard deviation of these is reduced for cloudy days as well. The probability that a day is cloudy (overcast) depends on the amount of rainfall of that day (provided on input) through a three−step staircase function. 
After the temperature record is completed, TheHeatGoesOn generates a daily potential evapotranspiration record based on the original (Hargreaves, 1994) and modified version (Droogers and Allen, 2002) of the Hargreaves equation. The expression for the extraterrestrial radiation appearing in both equations is taken from the HYDRUS−1D manual (Šimůnek et al., 2013, p. 42−43). The conversion of the extraterrestrial radiation to equivalent mm of evapotranspiration is carried out using Evett's (2000) relationship between the heat of vaporization and temperature (Evett's Eq. 5.45).
 
2.1. Input
The length of the time period of the temperature record and the daily rainfall are obtained from file Daily_Rainfall.OUT. The format of that file requires no headers and two entries per record, both of them REAL. The first gives the day, the second the total rainfall of that day in mm. The first entry must be 1.0, and subsequent records must start with consecutive whole numbers (2.0, 3.0, 4.0, …). 
The parameters of the temperature signal and of the staircase function, as well as the seed for the random generator are read from file TempEpot.In. This file also provides the latitude (in radians) of the location of interest. Monthly and annual rainfall sums are obtained from files Monthly_Rainfall.OUT and Annual_Rainfall.OUT. The format requirements for these files are similar to those of Daily_Rainfall.OUT. The files with daily, monthly, and annual rainfall are produced by the rainfall generator WhollStopTheRain3.EXE, and meet the format requirements.
In addition, the following parameters are needed:
Tavg: long−term average temperature (C)
Shift: time−shift of the sinusoidal annual temperature signal (days)
Ao: average amplitude of the annual sinusoidal temperature signal for overcast days (C)
Ac: average amplitude of the annual sinusoidal temperature signal for clear days (C)
SDa: standard deviation of the normal distribution that governs the interannual variation of Ac (the mean is Tavg) (C)
AR1var: 1st−order auto−regressive coefficient by which yesterday's detrended temperature is multiplied to provide a memory effect in the day−to−day temperature signal. 0  AR1var < 1.
SDm: standard deviation of the normally distributed variations of the fluctuations of the mean daily temperature around the sinusoidal yearly trend. The mean equals zero. (C)
Meanf: the mean of the normal distribution of the natural logarithm of the magnitude of the difference between the maximum temperature and the daily mean.
SDo: the standard deviation of the normal distribution of the natural logarithm of the magnitude of the difference between the maximum temperature and the daily mean. The value is valid for overcast days. 
SDc: the standard deviation of the normal distribution of the natural logarithm of the magnitude of the difference between the maximum temperature and the daily mean. The value is valid for clear days. 
Plow: the daily precipitation amount below which the probability of a cloudy day equals f1. (mm)
Phigh: the daily precipitation amount above which the probability of a cloudy day equals f3. For daily rainfall amounts between Plow and Phigh, the probability of a cloudy day equals f2. (mm)
f1, f2, f3: see definitions of Plow and Phigh. The value of these parameters must lie between 0 and 1 (inclusive)
Latitude: geographical latitude of the location of interest in radians. If the latitude is expressed in degrees that value needs to be multiplied by π and divided by 180. 
Seed1: a large integer that is used to initiate the random generator

 These parameters are supplied through the input file TempEpot.IN. Its format is:
Line 1: Will not be read, can be used for labels
Line 2: Tavg, SDt, Shift, Ao, Ac, SDa, AR1var, SDm, Meanf, SDo, SDc
Line 3: Will not be read, can be used for labels 
Line 4: Plow, Phigh, f1, f2, f3
Line 5: Will not be read, can be used for labels
Line 6: Latitude
Line 7: Will not be read, can be used for labels
Line 8: Seed1

When multiple parameters are entered in one record they need to be separated by at least one space. All input parameters except Seed1 are REAL (double precision). Seed1 is an integer. 

2.2. Output
The daily record of temperatures and clear/cloudy days is written to file Temperature_Clouds.OUT. The daily record of potential evapotranspiration and extraterrestrial radiation is written to file Epot.OUT. File Monthly_Temp.OUT contains the monthly averages of the daily mean, minimum, and maximum temperatures, and the number of cloudy days in each month. File Annual_Temp.OUT has the corresponding annual data for each year. File Monthly_Epot.OUT stores the monthly sums of potential evapotranspiration according to Hargreaves (1994) and Droogers and Allen (2002), as well as the sum of extraterrestrial radiation, all converted to mm water column. The evapotranspiration deficit for both these equations is also written to that file. Note that negative numbers denote a deficit (the rainfall is insufficient to offset potential evapotranspiration). File Annual_Epot.OUT has the corresponding annual data for each year. Annual and monthly averages of key weather characteristics are written to file Weather_Statistics.OUT. All output files have headings that explain the entries and provide the units used.
Subroutine WhatGoesUp creates output file WhatgoesupDiagnostics.OUT to report tiny negative 30−day rainfall sums that test versions of the code sometimes generated during droughts due to rounding errors. The current version of the code did not suffer from that problem during the tests. Normally, this file will be empty.

3. Determining the input parameters that govern the daily temperature range
The parameters of the normal distribution in Eq. (2) determine the lognormal distribution of the daily temperature range. It is not easy to discern what the consequences of a particular choice of parameters are in terms of the exceedance probabilities of selected deviations of the daily temperature extremes from the daily mean (half the daily temperature range). An Excel file (File for estimating mu and sigma of daily temp fluctuations.xlsx) has been created with two spreadsheets. In one, the mean and standard deviation of a normal distribution are given on input, and the mean and standard deviation of the corresponding lognormal distribution are computed, as well as the exceedance probabilities of temperature fluctuations around the mean of 2, 3,..,9, 10, 12, 15, and 20C. In the other worksheet, the mean and standard deviation of the lognormal distribution are provided on input, and the mean and standard deviation of the corresponding normal distribution, as well as the exceedance probabilities mentioned above are computed. Tests demonstrated that this file (in the supplement and downloadable at www.ufz.de/index.php?en=44055)) allows an efficient selection of a suitable pair of input parameters by evaluating the properties of the generated distribution of the half−range of daily temperature fluctuations.
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