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Abstract 
A Dynamic Correction Model (DCM) was implemented to correct daily precipitation data from 

the network of precipitation gauges hosted by the Swedish Meteorological and Hydrological 

Institute (SMHI). The goal was to determine whether the DCM could be used to improve 

estimates of the influence of systematic errors on precipitation observations compared to a 

previous assessment made on the SMHI dataset using a Simple Correction Model (SCM). 

While the SCM in question only takes into account station exposure and temperature, reflecting 

the yearly average gauge level wind speed and the monthly average probability of snow 

respectively, the DCM would take into account sub-daily and daily observations of 

precipitation intensity, wind speed and temperature to correct precipitation according to the 

observed conditions at the time of the precipitation event. 

DCM corrections were performed on precipitation data from 165 stations throughout Sweden. 

The long term average result of aggregating daily DCM corrected precipitation was compared 

to the previous SCM correction for 24 stations while the daily corrected solid precipitation was 

evaluated against snow depth observations for 59 stations throughout Sweden. 

Since the systematic errors almost exclusively cause an underestimation of ground true 

precipitation the correction was expected to produce an increase in total precipitation. Since 

this undercatch is greater during solid precipitation, a pattern of higher correction was expected 

to be found in winter months compared to summer months, a pattern which could be expected 

to be stronger the further north in the country one looked. Furthermore, superimposed on this, 

areas which are more exposed to wind can be expected to require a larger correction due to the 

undercatch being also strongly correlated to wind speed. At the sub monthly time scale a 

variation in the undercatch could be expected when using the DCM with increased corrections 

required on days when precipitation falls as snow and on days when wind speeds are higher. 

For the comparison with previous SCM estimates the expectation was that long term totals (30 

year average corrected precipitation) would be similar if the two methods are assumed to be 

equally valid. The DCM was further expected to improve correlations between newly fallen 

snow and change in snow depth. 

While the qualitative patterns in the corrections found met the expectations, large differences 

in the quantitative results of using the two different methods were found; the DCM had a 

tendency to overcorrect compared to the SCM, especially for the more exposed stations. This 

calls into question the assumption that both methods are equally valid and differ only in their 

temporal resolution, and further raises the question which if any of the methods is more valid 

and why. The evaluation of DCM corrected solid precipitation using snow depth showed a 

decrease in the correlation between precipitation and change in snow depth which was contrary 

to expectations. The greatest uncertainty in the DCM was attributed to the methods for 

assessing gauge level wind speeds. 
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Figure 1 Map of Sweden and the Swedish Meteorological and Hydrological Institutes (SMHI) operational 

network of precipitation gauges. Dots are locations of stations containing record series of daily precipitation 

observations from some period during 1860-2014. Larger blue dots are locations of stations whose precipitation 

records were corrected using the Dynamic Correction Model (DCM) described in this study. Also marked are the 

locations of stations whose DCM corrected precipitation records were compared to previous estimates made by 

the SMHI using a Simple Correction Model (SCM) (yellow dots) and evaluated against rates of change of Snow 

Depth (red triangles). [Map projection: WGS 84 / World Mercator; Basemap: © OpenStreetMap contributors] 
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1. Introduction 
1.1 Precipitation 
Precipitation is a fundamental component of the hydrological cycle. It is the input of water 

from the atmosphere to the surface of the earth and can take the form of rain, snow, hail, sleet, 

frost or dew (American Meteorological Society, 2106). Water management is concerned with 

issues surrounding the storage or availability of water (hydropower, irrigation, drinking water 

etc.), the quality of water (drinking water, ecosystems etc.) and the impact of the flow regime 

on infrastructure (floods etc.). While many of these issues are controlled by parameters 

pertaining to the land – the geology of aquifers, the geomorphology of stream networks, the 

presence of soluble nutrients and pollutants in the soil – these factors are brought into play by 

when, where and how much precipitation lands on the surface of the catchment. 

Precipitation as a quantifiable phenomenon is a flux; it is the volume of condensed water 

crossing the atmosphere-earth interface in a certain time interval (e.g. Dingman, 2002). This 

can be visualised as a blanket of water with varying thickness representing the depth of liquid 

water falling over an area during a certain time interval. If the reader can imagine the falling 

water solidifying and forming a film of blue jelly over a map of the catchment, when looked at 

from above, areas with more rainfall will be a darker blue. A number of characteristic properties 

of the patterns this map would produce are interesting to consider. At short time intervals the 

pattern can be expected to be considerably variable; precipitation is often associated with 

weather fronts or convective weather and therefore can be relatively local and will vary from 

moment to moment. Over a second to an hour the pattern will be associated with the fronts or 

convective clouds. At smaller spatial scales, there will also be significant contrasts where at 

the meter scale gusts and micrometeorological influences of the terrain and vegetation will 

create areas with more or less precipitation and at the centimetre scale there will be a roughness 

associated with the drop size and frequency. Over longer time periods however, the patterns 

become more homogenous as randomness to the precipitation events smears out the 

distinctions and yearly inputs at a location tend to be comparable in magnitude. However, even 

over these long time periods other local to regional patterns will be discernible such as the 

higher precipitation on the weather side of mountains and along coasts and global patterns will 

depend on global weather systems. Precipitation can therefore be seen as a flux of water whose 

geographical distribution is important but also the time interval in question is important.1 

Our understanding of this flux is generally derived from a common procedure where point 

measurements are made and then spatial distribution over an area is estimated through 

interpolation based on a number of assumptions. There are many uncertainties to consider in 

this procedure. How accurately an estimation represents the true pattern will depend on the 

density and positioning of sampling points, the method used for interpolating these 

measurements and the quality of the point measurements themselves. The focus of this study 

is this latter factor. When looking at the quality of measurements it can be helpful to distinguish 

between precision and accuracy. Precision is a measure of the variability which can be expected 

due to inherent flaws in the measurement process which leave room for randomness. These 

manifest themselves as a spread in observed values when apparently measuring the same 

phenomenon. Consecutive measurements will tend to create a spread around a mean value 

which can be considered to be a more relevant value than the individual observations. Accuracy 

on the other hand is a measure of how close this mean is to the true mean. Inaccuracies are due 

                                                 

1 It is important to clarify here that precipitation (P) is generally given as a depth (in mm) representing either the 

average thickness of the blanket over a certain area or the point thickness of the blanket at a certain point (actually 

an average thickness over a very small area: the gauge orifice) accumulated over a given period in time. 



6 

 

to systematic errors also inherent to the measurement procedure though which cannot be 

explained by randomness. It is well documented that precipitation measurements are inherently 

inaccurate (Heberden, 1769; Goodison, 1978; Allerup and Madsen, 1980); the reasons for this 

shall be explained further in this study. It is therefore important when using precipitation data 

for quantative applications to investigate whether the reported values are measured 

precipitation or corrected precipitation. 

The point measurement is most simply made by collecting the water falling at ground level in 

a vessel and calculating the average depth accumulated over set time intervals (Dingman, 2002; 

WMO, 2010). By measuring the volume of water collected in the rain gauge and dividing this 

by the area of the orifice, a depth of precipitation is calculated representing the average depth 

of precipitation falling on the area of the orifice. The precipitation falling through the orifice 

of the vessel is assumed to be representative of the precipitation for the surrounding area and 

further there is assumed to be a correlation between the precipitation at this point and nearby 

points. Parameters used to estimate the strength of this correlation include distance from the 

point and difference in altitude between the points (e.g. Thiessen, 1911; Goovaerts, 2000). 

Even recent developments using radar to estimate spatial distribution of precipitation still 

depend on point measurements for calibration (e.g. Legates, 2000). 

There are many sources of error which can cause an imprecise or inaccurate point observation 

and several designs of precipitation gauges which are impacted differently by the various 

errors. The errors range from human error such as misreadings and interference with or 

malfunction of the precipitation gauge to environmental processes affecting the volume of 

water observed (e.g. Førland et al., 1996; WMO, 2010). Erratic errors such as misreadings and 

interference with or malfunctions of the precipitation gauge are most easily dealt with through 

quality control; omitting or changing values which are known to be wrong or which are found 

to deviate substantially from nearby measurements or known patterns is done in an attempt to 

move the observations closer to a consistent measurement. However, systematic errors which 

cause a bias in the measurements are not visible to quality control because they affect the entire 

series and also nearby stations with the same type of gauge. This study is primarily concerned 

with systematic errors. 

Three salient systematic errors which have been identified are wind induced loss, evaporation 

loss and wetting loss. Wind induced loss is caused by wind hitting the side of the vessel creating 

upwinds over the opening as the air is deflected causing lighter precipitation particles to 

preferentially be blown passed the vessel rather than falling into it. This is by far the most 

prominent of the systematic errors and is exacerbated by precipitation falling as snow and high 

winds. The undercatch due to wind can be in the order of 10 % or more for liquid precipitation 

and 50 % or more for solid precipitation (e.g. Sieck et al., 2007), a fact that raises particular 

cause for concern for Swedish precipitation. The use of windshields attempts to minimize this 

airflow distortion (e.g. Colli et al., 2016). These wind shields are designed to deflect the airflow 

hitting the side of the apparatus downward so as to not distort the air flowing over the rim of 

the wind shield. Evaporation loss occurs when water evaporates from the open body of water 

in the vessel and is stronger when temperatures are higher. Methods for reducing this loss are 

the use of funnels in the opening of the vessel or adding a layer of oil which creates a film over 

the surface of the water (Sevruk, 1974a). Wetting loss primarily occurs when the gauges are 

emptied to measure the volume of water in the gauge. Due to capillary forces some of the water 

will not be removed from the vessel through gravity and is therefore not included in the reading 

(Sevruk, 1974b). A fourth source of systematic error mainly associated with manual gauges is 

the occurrence of trace amounts of precipitation. This is when less than measurable amounts 

(> 0.1 mm) of precipitation is observed in the gauge even though it is known that some 
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precipitation has fallen. Many countries record such occurrences with a value of zero in their 

databases (WMO, 2010) and while the loss is small – at most the equivalent of combined 

evaporation loss and wetting loss – for some climates it can accumulate to significant amounts 

(e.g. Goodison et al., 1998; Sugiura, 2003). In summary these identified systematic errors all 

cause a tendency for the observed precipitation to be less than true precipitation and result in 

inaccurate observations. 

Accurate knowledge about precipitation is important for quantitative studies such as rainfall-

runoff modelling. Hydrological characteristics of a catchment are difficult to discern through 

direct observation. Often knowledge about evapotranspiration, underground flow pathways 

and storage are derived from studying the response of the discharge from the catchment to 

precipitation events. While many uncertainties can be handled through parameter calibration, 

as the model frameworks are developed to be more physically based it becomes more important 

to have an accurate estimate of precipitation (e.g. Killingtveit, 2003). 

Another subject which could require a better understanding of the systematic errors is the 

assessment of impacts due to climate change (e.g. Olsson et al., 2013; Arheimer and Lindström, 

2015). Precipitation is an important part of the energy transfer occurring in the atmosphere. 

There is a concern that changes in the patterns of energy transfer will affect precipitation 

patterns which in turn will have consequences for water management strategies. If, however, 

changes also occur in the wind and snow regimes, it is important to know how these changes 

affect our measurements in order to assess the true trends in precipitation. 

1.2 Measuring point precipitation 
When assessing inaccuracies in precipitation observation systems, it is important to have a 

reference. While it is impossible to eliminate every uncertainty and thereby know what true 

precipitation is, it is generally accepted that a gauge which systematically measures more than 

another is measuring closer to “ground true” precipitation (WMO, 2010). Precipitation gauges 

can therefore be categorised into reference gauges which are designed to measure the 

precipitation as accurately as possible and operational gauges which are designed to measure 

the precipitation as efficiently as possible. Three designs of reference gauges warrant a 

description here; the pit gauge, the bush gauge and the double fence inter-comparison reference 

(DFIR) gauge. The pit gauge is a vessel placed in a pit with the orifice flush with the ground 

(Sevruk and Hamon, 1984). To minimize splash-in, the pit is made significantly larger than the 

gauge and the surrounding hole is covered with a plastic or metal mesh to minimize any airflow 

distortion caused by wind blowing over the edge of the pit. The benefits of this gauge is that 

the wind loss is effectively eliminated. A major drawback of the pit-gauge is that it is 

susceptible to drifting snow which can render the gauge useless. For this reason it is mostly 

used as a reference for liquid precipitation. For solid precipitation the DFIR gauge and bush 

gauge are preferred. These have the vessel placed on a post and elevated to 2m. Generally they 

also have a windshield of the Russian Tretyakov type and are further reinforced against wind: 

the bush gauge is placed within a field of dense shrub vegetation which is kept trimmed to the 

same height as the rim of the gauge and the DFIR is a more practical variant where the gauge 

is placed within two fences of vertical laths which break the wind (Yang, 2104). The bush 

gauge is currently recognised as the most accurate of the two but due to climatological, time 

and cost restraints, constructing such systems is not always feasible and therefore the DFIR 

gauge is currently recommended as the standard reference for solid precipitation by the World 

Meteorological Organisation (WMO) (Goodison et al. 1998) using correction models for 

adjusting the errors found between the two (Golubev, 1986; Yang, 2014). 

Operational gauges compromise further to ease regular monitoring and lower construction 

costs. Operational gauges can be categorised into manual gauges and automatic gauges. The 
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simplest manual gauge is a vessel placed elevated from the ground to avoid splash-in and 

drifting snow or debris. These can be equipped with a windshield to minimise the wind induced 

loss caused by elevating the gauge from ground level. Manual gauges in use by SMHI are 

equipped with a windshield of Nipher type (Figure 2a). Evaporation loss is mitigated by the 

use of a funnel which covers the opening while still allowing the precipitation falling on the 

area of the orifice to enter the gauge. This funnel cannot be used when solid precipitation can 

be expected and so evaporation loss is highest in the spring before the funnel can safely be put 

in place but when rising temperatures increase evaporation rates. Making a reading of manual 

gauges consists of emptying the water from the gauge into a graduated cylinder to measure the 

volume of accumulated precipitation. This is when wetting loss occurs. A drawback with 

manual gauges is that due to the time consuming monitoring process they are generally only 

monitored once or twice daily in operational networks. 

Manual gauges are to a greater extent being replaced by automatic gauges which can make 

more frequent observations often recording precipitation accumulated within 10 minute 

intervals. Two common types of automatic gauges are tipping bucket gauges and weighing 

gauges (Bakkehøi et al., 1985; Dingman, 2002). The tipping bucket type is not used in this 

study and so will not be covered here. The weighing gauge consists of a bucket suspended on 

wires. By measuring the tension on the wires, an automatic reading of the volume of water in 

the suspended bucket can be made. The accumulated precipitation over a sample period is 

recorded as the difference in weight correlating to the difference in volume in the bucket 

between two readings. Because weighing gauges are left unattended for long periods of time, 

the Nipher shield is not suitable because snow can accumulate in the shield and end up clogging 

the orifice. Therefore, SMHI use a windshield of Alter type for the automatic gauges (Figure 

2b). Both the windshield and the shape of the apparatus itself make the automatic gauge more 

prone to wind induced loss compared to the manual gauge. Evaporation loss is mitigated by 

adding a layer of oil which covers the accumulated water with a film of oil reducing evaporation 

rates to almost nothing. Because the weighing bucket converts the mass of precipitation in the 

gauge into a volume of water there is no need to melt solid precipitation prior to observation. 

However, snow tends to stick on the inside of the intake pipe where it cannot activate the 

weighing mechanism and is therefore not recorded until it becomes unstuck possibly causing 

it to be recorded in a later time interval. A solution to this is to heat the intake pipe causing 

a)  b)  

 

Figure 2 Precipitation gauges used by SMHI. a) Manual SMHI gauge with Nipher shield b) Automatic Geonor 

weighing bucket gauge with Alter wind shield. (Photo: SMHI). 
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snow sticking to the sides of the pipe to melt and drop down into the weighing bucket. Wetting 

loss also occurs in automatic gauges because water can adhere to the inside of the intake pipe. 

The positioning of the precipitation gauge with respect to surrounding obstacles plays a vital 

role to the wind induced loss due to the impact on gauge level wind speeds. Ideal locations for 

precipitation gauges are in forest clearings, orchards or similar locations where shelter from 

wind significantly reduces the wind induced loss (WMO, 2010). However, single tree crowns 

or buildings placed too close to the precipitation gauge create an umbrella effect also creating 

a loss or create turbulent winds which in some cases can cause converging down-winds which 

may cause too much precipitation to enter the gauge (Alexandersson, 2003). Often 

compromises must be made when selecting a location and in Sweden a common place for 

manual gauges is in gardens or courtyards of the residence of the gauge operator. While the 

garden may be sheltered from many directions by buildings or trees, if the residence is adjacent 

to an open field or lake, some directions may remain significantly exposed to wind. This creates 

a problem when determining correction factors. Automatic gauges are often placed in more 

remote locations which in fell regions and coastal areas may mean a tendency to be more 

exposed.  

1.3 Correcting point precipitation measurements 
Since the systematic errors described above (wind loss, evaporation loss and wetting loss) all 

result in an underestimation of ground true precipitation we can be fairly sure that more 

precipitation falls than is being measured. A general formulation of the model for correcting 

precipitation is given in Equation 1. 𝑃𝐶 is the corrected precipitation and 𝑃𝑀 is the observed 

precipitation. The wind induced loss is best described as a relative amount of the observed 

precipitation because the process is a fractionation of lighter and heavier particles. This is 

represented in the wind correction factor (or 𝑘 coefficient). For example, if a reference gauge 

is found to measure 5 % more than a collocated operational gauge after taking into account 

wetting loss and evaporation loss, the wind correction factor for that measurement is 1.05 – the 

number to multiply the volume of water found in the operational gauge to obtain the volume 

found in the reference gauge. 𝛥𝑃𝑊 and 𝛥𝑃𝐸  are wetting loss and evaporation loss respectively. 

The volume of water lost through 𝛥𝑃𝑊 and 𝛥𝑃𝐸 is independent of how much precipitation is 

observed, providing some amount of precipitation is measureable. Note here that trace 

precipitation is not accounted for. 

𝑃𝐶 = 𝑘(𝑃𝑀 + ∆𝑃𝑊 + ∆𝑃𝐸) 

Equation 1 

In order to make the correction, first an estimate of the deficit is required. These estimates can 

be empirically derived from inter-comparison experiments or numerically derived using 

computer analysis or a combination of both. A number of studies have examined and attempted 

to quantify these systematic deficits. Notably the WMO have instigated and compiled the 

results from several inter-comparison field experiments where national operational gauges 

were compared to either pit gauges for liquid precipitation (Sevruk and Hamon, 1984) or with 

DFIR gauges for solid precipitation (Goodison et al., 1998). Currently automatic gauges are 

under-represented in solid precipitation inter-comparisons; a WMO project for determining the 

solid precipitation deficit of automatic gauges is under way (WMO-SPICE, 2016). This work 

builds upon or complements previous work in the Nordic region (e.g. Eriksson, 1983; 

Dahlström et al., 1986). Parallel to these field studies, wind tunnel experiments and numerical 

analysis have been conducted in an attempt to better understand the physical processes of wind 

induced loss (Nespor and Sevruk, 1999). Another type of inter comparison used during solid 
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precipitation is to compare the snow water equivalent of new snow as measured using a snow 

board with observed precipitation (Goodison, 1978; Sevruk, 1983). 

Correction models further attempt to account for the variability in the observed deficit from 

case to case by relating the deficit with controlling factors. For example, the deficit found when 

precipitation falls as snow tends to be much higher than when it falls as rain and similarly the 

deficit found during a light drizzle tends to be higher than that found during heavy rain so 

incorporating knowledge about the type of precipitation into a correction model can greatly 

improve the reliability of the results. Gauge level wind speeds are consistently found to be the 

most important environmental controller together with precipitation type (Goodison et al., 

1998). Temperature does control crystal structure of snow and thus the propensity for the 

trajectory of precipitation particles to be altered by air flow, but this effect is found to be much 

smaller than the effect of wind speed during solid precipitaton (Goodison et al., 1998). The 

effect of temperature is significant however for the wind effect during mixed precipitation and 

also on evaporation rates. According to the numerical analysis conducted in Nespor and Sevruk 

(1999), the variation found in wind induced loss for liquid precipitation even when normalised 

for wind speed can be explained to a great extent by drop size distribution with a larger fraction 

of smaller drops leading to greater wind induced loss. The aerodynamic distortion of the airflow 

over the orifice depends on the design of gauge, and windshield if present (e.g. Michelson, 

2004), so ideally correction models should be derived separately for precipitation gauges which 

differ substantially in this respect. The wetting loss has also been found to differ between 

precipitation gauges (Goodison et al., 1998). Evaporation rates are controlled by temperature 

and also the presence of a funnel or film of oil. 

Applying this knowledge in order to correct operational datasets generally requires estimates 

of the required variables to me made.  Many of the variables found to be important are not 

always observed at the station where the precipitation observation is made. For example, wind 

speeds are seldom measured at the level of the gauge-rim if they are measured at the station at 

all. The distribution of raindrop size or information about the crystal structure of solid 

precipitation is rarely recorded. Also, while records of precipitation type and the occurrence of 

trace amounts of precipitation may be reported in the station reports to meteorological offices, 

this information is not always available in the digital databases (Goodison et al., 1998). When 

correcting operational datasets, simplifications often have to be made using the information 

that is available. Nespor and Sevruk (1999) found that rain intensity could be used as an 

indicator when fraction of smaller drops was unknown. However, when precipitation is only 

observed once or twice daily, the rain intensity at the time of the rain event remains unknown. 

Førland et al. (1996) suggest a method for estimating rain intensity using weather code 

information from synoptic stations, Michelson (2004) solved this problem using gridded 

datasets and Rubel and Hantel (1999) suggest a method of estimating rain intensity using 3 

hour estimates. For estimating gauge-rim wind speeds, WMO recommend wind reduction 

formulas for estimating wind speeds at other elevations than where it is measured (WMO, 

1994). When no wind information is available at the site at all, information about the exposure 

of a site can be used to estimate average wind speeds to be expected at the site (Dahlström et 

al., 1986; Alexandersson, 2003). 

Førland et al. (1996) is a manual of recommended correction procedures for systematic errors 

in precipitation observations. In this manual, the authors give a review of previous correction 

models used in the Nordic regions together with models derived from the data from the Nordic 

contribution to the previous WMO Solid Precipitation Inter-comparison Project conducted at 

Jokioinen, Finland from 1986 to 1993 (Goodison et al., 1998) and also a number of 

recommended procedures for applying these models to operational datasets. Two basic types 
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of correction model are described, a Simple Correction Model (SCM) which gives estimates 

of corrected monthly precipitation and a Dynamic Correction Model (DCM) which gives 

estimates of corrected daily precipitation using hourly observations of wind speed, rain 

intensity and temperature. This DCM is the model used in this study for estimating corrected 

precipitation for Sweden. 

1.4 Measuring and Correcting Point Precipitation in Sweden 
The Swedish Meteorological and Hydrological Institute (SMHI) have records of daily 

precipitation (12 hr and 24 hr observations from manually operated rain gauges) extending 

back to 1860 from between ca 400 - 900 stations operational at any point in time (Figure 1). 

Prior to 1960 only daily precipitation records from roughly 100 stations have been digitalised 

after which the majority of available station records have been digitalised (Wern, 2012). Since 

1995 around 100 automatic stations recording wind speed, temperature and precipitation each 

hour have been introduced to the operational network. SMHI operationally report the measured 

precipitation but not corrected precipitation, although every now and then they publish a report 

with corrected precipitation for the standard normal reference periods (e.g. Eriksson, 1983; 

Alexandersson and Eggertsson Karlström, 2001). Alexandersson (2003) describes the most 

recent methods used for the latest publication of corrected long term average monthly 

precipitation for the standard reference period 1961-1990 reported in Alexandersson and 

Eggertsson Karlström (2001). 

For this correction, Alexandersson (2003) first classifies each station according to its level of 

exposure. Each class is given an average yearly wind loss coefficient for liquid and solid 

precipitation (Table 1). These wind loss coefficients are based on empirical data (Dahlström et 

al., 1986; Goodison et al., 1998) and expert judgement (Alexandersson, 2003). The proportion 

of the observed monthly precipitation to apply each of the wind loss coefficients to is 

determined using a normal distribution N (μ, σ2) with the observed mean temperature of the 

month in question as μ and the long term average standard deviation of temperature for that 

month in the reference period as σ and using a threshold of 1°C.  

The probability that the temperature will be above or below a 1°C threshold (< 1°C = solid 

precipitation; >= 1°C = liquid precipitation) is expressed as a percentage and is applied to each 

of the wind loss coefficients accordingly. An additional correction is applied to automatic 

gauges to account for differences in aerodynamic shape compared to manual gauges by adding 

6 % for automatic gauges classed from 1 through 3 and 7 % for gauges classed from 4 through 

7. Evaporation loss is calculated as a function of the average monthly temperature when 

Table 1 Wind loss correction factors (k) by class and precipitation type as estimated by 
Alexandersson (2003).  

Exposure 
Class 

Definition kliquid ksolid 

1 Ideal location, e.g garden or forest area with shrubbery at a good 
height. 

1.015 1.04 

2 Well protected from almost all directions, forest relatively close. 1.025 1.06 

3 Fairly well protected with smaller openings to open field or lake, or 
well protected site in windy location. 

1.035 1.085 

4 Exposed from certain directions, more protected from others. 1.045 1.12 

5 Exposed site, only some protection from house or trees. Placed on 
hillocks or open slopes inland. 

1.06 1.17 

6 Very exposed, mostly coastal or fell region. 1.09 1.26 

7 Extremely exposed, seaside, islet or bare fell. 1.12 1.36 
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average monthly temperatures are above 0°C while wetting loss is corrected for by assuming a 

loss of 0.1 mm per case and multiplying this by the average monthly number of precipitation 

for all of Sweden. For more details on this method see Alexandersson (2003). Note that the 

method outlined in Alexandersson (2003) and described in part in this paragraph is not 

implemented in this study, but the results are used for comparison with the results of the DCM 

implemented here and these are referred to as “the previous SCM correction [of Swedish 

precipitation]” for the remainder of this report. 

This correction by Alexandersson (2003) accepts a certain level of uncertainty at shorter time 

scales in order to give a reliable estimate of the long term average true precipitation. Here data 

from empirical studies is aggregated using expert judgement to decide what magnitude of 

systematic errors can reasonably be expected on average for stations of different exposure 

levels. The overall correction factor (𝑃𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑/𝑃𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑) is then allowed to vary between 

stations and months mainly through how much of the precipitation observed at that station is 

estimated to fall as snow or rain. To take a critical view of this approach, observed wind speeds 

are not explicitly accounted for, although some consideration is taken to estimates of gauge 

level wind speeds when deciding wind correction factors and when assigning a station an 

exposure class. In particular, solid precipitation for the more exposed sites are given lower 

wind correction factors than other similar studies (e.g. Eriksson, 1983; Dahlström et al., 1986) 

because average gauge level wind speeds are deemed by Alexandersson (2003) to be lower for 

more exposed sites than estimated in Eriksson (1983) and Dahlström (1986) and stations known 

to be located in particularly windy regions are assigned a higher exposure class than the 

surrounding obstacles dictate (Table 1). Also, the framework used for determining the 

proportion of precipitation falling as either liquid or solid precipitation can be considered rather 

coarse. A DCM correction could improve on this estimate by explicitly taking into account 

observed wind speeds to determine the wind induced loss and observed temperatures to 

determine the type of precipitation at each station and for each precipitation day individually. 

The DCM further takes into account rain intensity and temperature to further refine the 

estimates of wind loss. 

This study aims to compare previous corrections of SMHI precipitation data using the SCM 

with corrections using the DCM. Reasons underlying the differences found are explored and 

the implications of using the dynamically corrected values are discussed. A further aim is to 

evaluate whether the model equations of the DCM are sufficiently reliable to be used in studies 

requiring ground true precipitation. 

2. Methods 
2.1 The Dynamic Correction Model 
Following is a description of the Dynamic Correction Model (DCM) as described by Førland 

et al. (1996) and as used in this study. The general model given in Equation 1 is used as the 

foundation for correcting daily precipitation. Recommended values of evaporation loss (𝛥𝑃𝐸) 

(daily estimates) and values of wetting losses (𝛥𝑃𝑊) (case estimates) for SMHI manual gauges 

are given in Tables 2 and 3. These recommended values were derived from experiments 

conducted at the Jokioinen solid precipitation inter-comparison field study (Goodison et al., 

1998). For automatic gauges 𝛥𝑃𝐸  is assumed to be negligible (0 mm) while 𝛥𝑃𝑊 is assumed to 

be 0.10 mm/day for solid precipitation and 0.15 mm/day otherwise, provided some amount of 

precipitation is recorded during the day (Førland et al., 1996). 
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Table 2 Recommended values of mean daily 
evaporation loss (mm/day) for SMHI manual gauges. 
From Førland et al. (1996) 

 Table 3 Recommended values of 
wetting amounts in SMHI manual 
gauges. From Førland et al. 
(1996) 

Month ΔPE (mm/day) Month ΔPE (mm/day)  Prec. type ΔPW (mm/case) 

January 0.02 July 0.15  Rain 0.07 

February 0.03 August 0.10  Snow 0.02 

March 0.04 September 0.05  Mixed 0.06 

April 0.12 October 0.03    

May 0.10 November 0.03    

June 0.15 December 0.02    

For each hour the hourly precipitation corrected for wind loss (𝑃𝑐,𝑖  =  𝑘𝑖 ∗ 𝑃𝑚,𝑖) is calculated 

using Equations 2 and 3 and hourly measured precipitation (𝑃𝑚,𝑖). Formulas for predicting 𝑘𝑖 

are given as a function of wind speed and rain intensity for liquid precipitation (Equation 2) 

and as a function of wind speed and temperature for solid precipitation (Equation 3). 

𝑘𝑖𝑙𝑖𝑞𝑢𝑖𝑑
= exp [−0.00101 ∗ ln (𝐼) − 0.012177 ∗ 𝑣𝑔 ∗ ln (𝐼) + 0.034331 ∗ 𝑣𝑔 + 0.007697

+ 𝑐] 

Model limits: vg < 7 m/s 

Equation 2 

𝑘𝑖𝑠𝑜𝑙𝑖𝑑
= exp [−0.08871 + 0.16146 ∗ 𝑣𝑔 + 0.011276 ∗ 𝑇 + −0.008770 ∗ 𝑣𝑔 ∗ 𝑇] 

Model limits: vg < 7 m/s; T > -12°C 

Equation 3 

Where 𝑘 is the wind loss factor, 𝐼 is the rain intensity (mm/h), 𝑇 is temperature (°C), 𝑣𝑔 is the 

wind speed at gauge level (m/s), and 𝑐 is a constant corresponding to the average effect found 

(reduction of wind induced deficit by 5 %) of using a windshield and so is -0.05 if a windshield 

is used and 0 if none is used. All gauges in the SMHI network use windshields. The coefficients 

of Equation 3 were derived specifically for the SMHI manual gauge (Førland et al., 1996). 

Coefficients specifically derived for the automatic gauge are currently unavailable. Førland et 

al. (1996) suggest using coefficients for a Norwegian gauge while Michelson (2004) use the 

same coefficients as the SMHI gauge. In this study Equation 3 was used for both manual and 

automatic gauges. 

A daily wind correction factor (𝑘) is then obtained by dividing the daily precipitation corrected 

for wind loss by the observed daily precipitation: 

𝑘 =  
∑ 𝑃𝑐,𝑖

∑ 𝑃𝑚,𝑖
 

Equation 4 

This 𝑘 value is then used in Equation 1 to obtain daily precipitation corrected for all systematic 

errors (𝑃𝐶). 

Where accumulated hourly values of observed precipitation were available, these were used as 

rain intensity (𝐼) for estimation of 𝑘𝑖,𝑙𝑖𝑞𝑢𝑖𝑑 (Equation 2). However, for all but the later years of 

automatic gauge series only 12 hr or 24 hr accumulated precipitation was recorded. Here a 
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simplification was made by assuming uniform rain intensity for the sample period so the hourly 

rain intensity was obtained by dividing the observed half-daily or daily precipitation by 12 or 

24 as required. 

At temperatures close to the freezing point of water precipitation could fall as mixed 

precipitation such as sleet or as solid precipitation for part of the sampling period and liquid 

for the rest. The proportion of precipitation to apply to each of the 𝑘𝑖 values is given in 

Equations 5 and 6. 

𝑘𝑚𝑖𝑥 = 𝑘𝑙𝑖𝑞𝑢𝑖𝑑 ∗ 𝑅𝑙𝑖𝑞𝑢𝑖𝑑 + 𝑘𝑠𝑜𝑙𝑖𝑑 ∗ 𝑅𝑠𝑜𝑙𝑖𝑑 

Equation 5 

Where 𝑅𝑙𝑖𝑞𝑢𝑖𝑑 is the ratio of observed precipitation assumed to have fallen as liquid 

precipitation and 𝑅𝑠𝑜𝑙𝑖𝑑 is the ratio falling as solid precipitation. A simple method of estimating 

the ratios is to use threshold values: 

𝑇 > 2°𝐶 [𝑅𝑙𝑖𝑞𝑢𝑖𝑑  =  1.0;  𝑅𝑠𝑜𝑙𝑖𝑑  =  0.0] 

2°𝐶 ≥ 𝑇 > 0°𝐶 [𝑅𝑙𝑖𝑞𝑢𝑖𝑑  =  0.5;  𝑅𝑠𝑜𝑙𝑖𝑑  =  0.5] 

𝑇 < 0°𝐶 [𝑅𝑙𝑖𝑞𝑢𝑖𝑑  =  0.0;  𝑅𝑠𝑜𝑙𝑖𝑑  =  1.0] 

Equation 6 

Wind speed is measured at 10 m altitude in the SMHI operational network and therefore needs 

to be adjusted to estimate wind speeds at gauge rim level. For this a wind reduction formula 

recommended by the WMO (2010) is used (Equation 7).  

𝑣𝑔 = (ln (ℎ𝑧0
−1)) ∗ (ln (𝐻𝑧0

−1))
−1

∗ (1 − 0.024𝛼) ∗ 𝑣𝐻 

Equation 7 

Where 𝑣𝑔 is the gauge level wind speed (m/s), ℎ is the height (m) above ground level of the 

gauge, 𝑣𝐻 is the observed wind speed, 𝐻 is the height (m) above ground of the wind 

observation, 𝑧0 is a roughness length (m) (0.01 m used for winter; 0.03 used for summer), and 

𝛼 is the average vertical angle (degrees) to the tops of surrounding obstacles. 

This reduction formula takes the average vertical angle (𝛼) to the tops of surrounding objects 

as a parameter. This value was estimated for each station by coupling the exposure 

classifications of SMHI stations used in Alexandersson (2003) with recommended α values for 

exposure classes given in Dahlström et al. (1986). Alexandersson (2003) uses 7 exposure 

classes while Dahlström et al. (1986) recommends ranges of 𝛼 values for 5 exposure classes. 

A tentative interpretation of this coupling used in this study is given in Table 4. 
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Table 4 Table of values for average vertical angle to surrounding objects (α) for stations of different 
exposure classes recommended by Dahlström et al. (1986) coupled with exposure classes defined 
by Alexandersson (2003). α values used in this study are tentatively assigned by the author. 

Class definition (Dahlström et 
al., 1986) 

Recommended 
α (degrees) 

Class definition (Alexandersson, 
2003) 

Inferred α 
(degrees) 

Protected site. Young forest, 
small forest clearing, park 
with big trees, city centres, 
closed deep valleys, strongly 
rugged terrain, leeward of big 
hills 

20-26 

Ideal location, e.g garden or forest 
area with shrubbery at a good height 

26 

Well protected from almost all 
directions, forest relatively close 

20 

Mainly protected site. Parks, 
forest edges, village centres, 
group of houses, yards 

13-19 
Fairly well protected with smaller 
openings to open field or lake, or 
well protected site in windy location 

16 

Mainly exposed site. Small 
groups of trees or bushes, or 
one or two houses. 

6-12 
Exposed from certain directions, 
more protected from others 

10 

Exposed site. Only a few small 
obstacles such as bushes, 
group of trees, a house. 

0-5 

Exposed site, only some protection 
from house or trees. Placed on 
hillocks or open slopes inland. 

6 

Very exposed, mostly coastal or fell 
region 

3 

Extremely exposed, seaside, islet or 
bare fell 

0 

2.2 The Data 
The raw data used were the meteorological variables found in Table 5 queried for 1806 stations 

(Figure 1) and for the years 1960-2014. This data was obtained courtesy of SMHI from the 

MORA database, SMHIs digital archive of meteorological observations. SMHI have a quality 

control scheme whereby the data is flagged as ‘G’ for green if the quality control section has 

declared the data entry to be of good quality, ‘Y’ for yellow if the data entry has not yet been 

checked and ‘R’ for red if the data entry is deemed to be of insufficient quality. Only data 

entries flagged as ‘G’ have been used in this study. Only the onsite measurements of wind and 

temperature associated with a station reporting precipitation was used to correct the 

precipitation of that station; no estimates were made based on nearby stations. If for any reason 

a part of the time series of any of the variables were missing the values of available variables 

for that period were also omitted. 

Table 5 shows a list of the data used in this study. Three parallel record series of precipitation with 
differing temporal resolutions are used where available while a single time series with mixed 
sample periods are used for wind speed and temperature. 

Data type Sample interval Statistic type Unit 

Precipitation 24 hr Sum mm 

Precipitation 12 hr Sum mm 

Precipitation 1 hr Sum mm 

Wind speed at 10 m 1, 6 or 12 hr Instantaneous m/s 

Temperature 1, 6 or 12 hr Instantaneous °C 

Datasets of hourly values of DCM variables were created for each day. The days were defined 

as starting and ending at 0600 UTC to coincide with the 24 hour precipitation observations. 

Hourly 10 m wind speeds and temperature were linearly interpolated between observations at 

0600, 1200 and 1800 UTC with a maximum allowed interval for interpolation between 
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observations of 12 hours. Days when wind and temperature conditions were outside those for 

which the models in Equation 2 and 3 were derived were allowed but truncated at 7 m/s and -

12°C to prevent overcorrections. If the hourly precipitation observations were available, these 

were used as hourly precipitation intensities. If only 12 hr or 24 hr precipitation observation 

were available, an average precipitation intensity was used for each hour by uniformly 

distributing the 12 hr or 24 hr sum among the 12 or 24 hours. Only daily datasets with all 

required variables that could be estimated using the procedure described above for all hours 

were used. 

2.3 Comparison of Long Term Average PC with Previous SCM Corrections 
The previous correction of SMHI precipitation (Alexandersson and Eggertson Karlström, 

2001) using the SCM described in Alexandersson (2003) estimates the 30 year average 

corrected monthly precipitation for the reference period of 1961-1990. While the DCM aims 

at correcting daily precipitation, the generalised performance of the implementation on the 

SMHI data can be compared by aggregating the daily corrected precipitation into long term 

averages and comparing the long term averages between the two methods. To do this it was 

important that the underlying observed average monthly total precipitation for both corrections 

was the same. However, the long term averages reported in Alexandersson and Eggertson 

Karlström (2001) were calculated using both the observed values for the period when stations 

were running and interpolated values from nearby stations for the period within the reference 

period when the station was not running. To avoid unnecessary uncertainties caused by this 

interpolation a subset of stations were selected where sufficient data was available to calculate 

long term averages using only the data reported by that station. These were found by calculating 

the long term average observed precipitation (uncorrected) for each station using Equation 8 

and comparing these to the values reported in Alexandersson and Eggertsson Karlström (2001). 

If these values were similar the comparison was considered to be relevant. A 2 % monthly 

deviation was allowed to give room for computational errors and small differences in methods 

of dealing with gaps in the series. 

�̅�𝑗 =
∑ (�̅�𝑗,𝑖. 𝑛𝑗,𝑖 + �̅�𝑟,𝑗 . 𝑚𝑗,𝑖)

1990
𝑖=1961

30
 

Equation 8 

Where �̅�𝑗  is the long term (30 year) average monthly precipitation for month 𝑗, �̅�𝑗,𝑖 is the average 

of observed daily precipitation for month 𝑗 of year 𝑖, 𝑛𝑗,𝑖 is the number of days with 

precipitation observations for month 𝑗 of year 𝑖, �̅�𝑟,𝑗 is the average of observed daily 

precipitation of all days of month 𝑗 within the reference period (1961-1990) and 𝑚𝑗,𝑖 is the 

number of days in month 𝑗 of year 𝑖 missing precipitation observations. In essence, gaps in the 

monthly series of daily precipitation observations are filled in with the long term average of 

known daily precipitation for that station for the relevant month. 

Long term averages of the DCM corrected data were then calculated using the same method 

(Equation 8) and plotted in a graph together with the observed reference values and the SCM 

corrected values reported in Alexandersson Eggertson Karlström (2001). Along with these, 

average monthly temperatures and gauge level wind speeds were plotted for visual comparison. 

2.4 Evaluation using Snow Depth 
One of the perceived strengths of the DCM is its ability to account for variation in undercatch 

on a daily basis. This can be useful for prediction models sensitive to variation in precipitation 

at this temporal resolution. To test whether the DCM was in fact improving the temporal pattern 

of precipitation, the correlation between new snow falling over a day and the change in snow 
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depth at the end of that day was analysed to see if there was an increase in correlation when 

using DCM corrected precipitation compared to observed precipitation. This increase would 

be due to the DCM taking into account varying wind speeds when estimating corrected 

precipitation. Snow depth observations (m) were obtained from the SMHI database and 

changes in snow depth 𝛥𝑆𝐷 (m/day) were calculated by simply subtracting the previous day’s 

snow depth observation. To minimize some of the uncertainties, only days when positive 

amounts of strictly solid precipitation was observed were used in the comparison (𝑃𝑑𝑎𝑖𝑙𝑦 >  0  

mm and 𝑅𝑠𝑜𝑙𝑖𝑑  =  1.0). Also, only stations containing at least 100 days of precipitation 

observations and corresponding 𝛥𝑆𝐷 observations were used in the evaluation. A correlation 

between these two variables was calculated using a linear model derived using the least squares 

method and the residuals were analysed using regression analysis. The coefficient of 

determination (𝑅2) was calculated for each station, once using observed precipitaton and once 

using DCM corrected precipitation. An increase in 𝑅2 would correspond to the amount of the 

variation (%) which could be explained by differences in undercatch between calm and windy 

days. 

Note that the SCM was not compared in this evaluation since only days with snow were used. 

The SCM as described in Alexandersson (2003) uses a fixed wind loss factor (varying only by 

exposure class which remains the same for each station), a fixed adhesion loss of 0.1mm/ day 

and an evaporation loss of 0 mm / day for temperatures below 0°C. The SCM correction would 

therefore have an effect on the dependence between 𝑃 and 𝛥𝑆𝐷 but not on the correlation which 

is the indicator of interest for this evaluation. 

3. Results 
3.1 Long term averages 
Of the 1806 stations queried from the MORA database, 165 stations had sufficient information 

to provide corrected datasets of precipitation (Figure 1). Reasons for omitting a stations dataset 

were i) the station did not report all of the required DCM variables (precipitation, wind speed 

and temperature) or the values were not concurrent ii) the required variables were flagged as 

‘R’ or ‘Y’ by the quality control section or iii) the stations were not included in Alexandersson 

(2003) and therefore the exposure class was not known.  

The overall correction of the DCM implementation was an increase in total precipitation of 24 

%. This is substantially higher than the correction found in Alexandersson (2003) (9.6 % for 

manual stations and 18.4 % for automatic stations). Correction for evaporation loss constituted 

an increase of 1 %, wetting loss 5 % and wind induced loss 18 %. These values separated by 

manual gauges and automatic gauges are given in Table 6. The mean daily wind correction 

factors of the 165 DCM corrected datasets separated by exposure class are given in Table 7 

(compare with Table 1). 

  



18 

 

Table 6 Overall correction for Manual and Automatic 
gauges and the correction associated with each 
systematic error (% of measured precipitation) 

 Table 7 Mean wind loss factor (k) 
of days with strictly liquid or solid 
precipitation for each exposure 
class, according to the DCM 
corrected dataset. 

Gauge 
type 

Total 
correction 

Evaporation 
correction 

Wetting 
loss 
correction 

Wind loss 
correction 

 Exposure 
class 

k liquid k solid Number 
of 
stations 

Manual 23.3 % 1.8 % 3.1 % 18.4 %  1 1.07 1.07 6 

Automatic 26.6 % 0.0 % 7.9 % 18.9 %  2 1.09 1.12 24 

      3 1.11 1.21 43 

      4 1.19 1.41 42 

      5 1.22 1.42 25 

      6 1.30 1.95 12 

      7 1.32 2.00 2 

The following pages contain figures (Figure 3a-d) showing the long term monthly average 

precipitation (1961-1990) for the 24 stations (Figure 1) where the criteria for the underlying 

observed precipitation data in order to make a reliable comparison with the SCM corrected 

precipitation were met. Overall, the DCM overcorrected compared to the previous SCM 

estimates. The pattern of overcorrection varies from being a uniform slight overcorrection (for 

example Lund, Osby, Växjö) to extremely large overcorrections with a significant seasonal 

variation with highest difference in corrections being found in the winter months (for example 

Hoburg, Landsort, Svenska Högarna). It is interesting to note that the stations showing this 

strong seasonal difference to the SCM corrections are all situated in windy locations, either 

airports, islands or along the west coast. The difference between the SCM correction and DCM 

correction varied among stations within the same class (e.g. Holmögadd A vs. Gunnarn, Figure 

3d) indicating that the SCM is correcting stations with differing average wind and temperature 

conditions similarly. 
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Table 8 Latitudinal and longitudinal coordinates of the 24 stations used for the reference 
comparison (Figures 3a-d) and for Harstena station (Figure 4). 

Climate Nr Station Name Latitude N WGS 84 
(decimal degrees) 

Longitude E WGS 84 
(decimal degrees 

Standard Reference Comparison 

52230 Falsterbo 55.38 12.82 

53430 Lund 55.69 13.23 

62180 Barkåkra 56.29 12.85 

62190 Kullen 56.30 12.45 

63220 Osby 56.37 13.94 

64020 Hanö A 56.01 14.85 

64520 Växö 56.88 14.83 

68550 Hoburg 56.92 18.15 

71470 Säve 57.78 11.88 

72450 Borås 57.76 12.95 

78400 Visby Flygplats 57.66 18.34 

87450 Landsort 58.74 17.87 

89240 Gotska Sandön 58.39 19.20 

97200 Stockholm-Bromma 59.35 17.95 

97390 Arlanda 59.66 17.92 

98210 Stockholm 59.34 18.06 

99270 Svenska Högarna 59.44 19.51 

103090 Gustavsfors 60.15 13.80 

105370 Falun-Lugnet 60.62 15.66 

127380 Härnösand 62.63 17.95 

134110 Frösön 63.20 14.49 

136420 Junsele 63.68 16.95 

140360 Holmögadd A 63.59 20.76 

147570 Gunnarn 65.01 17.70 

Snow Depth Comparison 

87150 Harstena 58.25 17.01 
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Figure 3a Average monthly station totals for the standard reference period (1961-1990) calculated using observed 

precipitation, previously published corrected precipitation according to Alexandersson (2003) and corrected 

precipitation using the DCM outlined in this study. Also shown are plots of the monthly average temperature and 

gauge level wind speeds for each station with a grey bar to show the wind speed limits of applicability for the 

model equations (0-7 m/s). 

Class: 3 Class: 4 

Class: 5 Class: 5 

Class: 4 Class: 4 
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Figure 3b Average monthly station totals for the standard reference period (1961-1990) calculated using observed 

precipitation, previously published corrected precipitation according to Alexandersson (2003) and corrected 

precipitation using the DCM outlined in this study. Also shown are plots of the monthly average temperature and 

gauge level wind speeds for each station with a grey bar to show the wind speed limits of applicability for the 

model equations (0-7 m/s). 

Class: 5 Class: 2 

Class: 4 Class: 3 

Class: 4 Class: 5 
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Figure 3c Average monthly station totals for the standard reference period (1961-1990) calculated using observed 

precipitation, previously published corrected precipitation according to Alexandersson (2003) and corrected 

precipitation using the DCM outlined in this study. Also shown are plots of the monthly average temperature and 

gauge level wind speeds for each station with a grey bar to show the wind speed limits of applicability for the 

model equations (0-7 m/s). 

Class: 3 Class: 3 

Class: 3 Class: 3 

Class: 4 Class: 2 
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Figure 3d Average monthly station totals for the standard reference period (1961-1990) calculated using observed 

precipitation, previously published corrected precipitation according to Alexandersson (2003) and corrected 

precipitation using the DCM outlined in this study. Also shown are plots of the monthly average temperature and 

gauge level wind speeds for each station with a grey bar to show the wind speed limits of applicability of the 

model equations (0-7 m/s). 

Class: 3 Class: 4 

Class: 5 Class: 2 

Class: 4 Class: 4 
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3.2 Evaluation using a simple Snow Depth Model 
For the Snow Depth comparison, stations containing at least 100 days with both snow depth 

observations and observed precipitation deemed to consist only of snow were selected. 59 such 

stations were found (Figure 1). When plotting change in snow depth (𝛥𝑆𝐷) against 

precipitation (𝑃) a strong positive correlation was found between the two. An example of the 

analysis for Harstena station is given in Figure 4. On average for all stations the mean rate of 

𝛥𝑆𝐷 was +8±1.2mm / mm 𝑃 for observed precipitation and +5±1.9 mm / mm 𝑃 for DCM 

corrected precipitation. The mean of the variances in 𝛥𝑆𝐷 explained by 𝑃 for all stations was 

58 % for the observed precipitation and 53 % for corrected precipitation. This corresponds with 

an increase in the error left in the residuals after the correction was made by about 5 % which 

was contrary to expectations; taking into account variablity in undercatch through the DCM 

was expected to increase the correlation between change in snow depth and precipitation but 

in fact the opposite was found. 

 

Figure 4 Scatter plots with fitted linear regression lines for uncorrected 𝑃 (upper left) and DCM corrected 𝑃 

(upper right) versus change in snow depth for days when 𝑃 >  0 mm/day and 𝑇 <  0°C at Harstena station. 

Colours represent average daily wind speeds for the precipitation day for station 87150 Harstena. Correcting the 

precipitation caused an increase in the error left in the residuals (lower plots) from 30 % to 42 %. 

4. Discussion 
4.1 Comparison of long term average results of the Simple vs. the Dynamic Correction 
Models 
For many stations, a large difference was found in the long term average precipitation totals 

between the previous SCM correction and the current DCM correction especially for solid 



25 

 

precipitation in windy locations. For all stations and all months where a direct comparison 

could be made (with the exception of one month at one station: Arlanda, July; Figure 3c) the 

DCM overcorrected compared to the SCM. This could mean that the previous estimation is too 

conservative when making assumptions about the long term effect of systematic errors or the 

DCM as it is implemented in this study is not conservative enough. 

Arguments in support of the DCM when considering the differences in the model frameworks 

in relation to the long term average corrected precipitation are that the SCM is based to a large 

degree on subjective judgement and the SCM uses a much coarser framework for implementing 

its assumptions. In particular, regarding the subjective judgements made by Alexandersson 

(2003), much lower wind correction factors for solid precipitation for the more exposed sites 

are used than for example those recommended in Dahlström et al. (1986); for an extremely 

exposed site Dahlström et al. (1986) recommends a wind correction factor of 1.8 for solid 

precipitation while Alexandersson (2003) uses 1.34. Arguments given by Alexandersson 

(2003) in favour of this reduction in wind loss factor are that wind speeds at the gauges are 

judged to be lower than previously presumed by for example Eriksson (1983) and that inter-

comparison experiments tend to be conducted at considerably more open sites than are used 

when choosing sites for meteorological stations. While the expert opinion of someone who 

works closely with the meteorological stations in question and has many sources of information 

to draw on must be considered, there is always a risk that the conclusions will be influenced 

by personal bias if they are not derived objectively. Regarding the coarseness of the framework, 

as shall be shown in more detail further on in the discussion, average observed wind speeds at 

10 m vary substantially for stations within the same class. Also, the method of estimating 

precipitation type is more developed in the DCM. 

Arguments in support of the SCM on the other hand are that the DCM is not developed to 

support constraints of long term average wind correction factors meaning errors in the 

assumptions made at a small scale become amplified and can lead to large uncertainties in the 

long term averages. The model equations derived at Jokioinen were based on six years of data. 

However, the long term average catch ratio observed at Jokioinen is inferred from aggregating 

these six years of results; a method for constraining long term averages is not included in the 

model. Long term average estimates are therefore only as good as the short term calculations 

of catch ratio based on observed data from the measurement instruments and the functions and 

parameters used to describe the relationship between them. The average wind correction factors 

for solid precipitation calculated by the DCM was higher than other similar estimates; again 

the recommended wind correction factor from Dahlström et al. (1986) of 1.8 for the most 

exposed sites can be compared to the DCM calculated average wind correction factor of 2.0 

and 1.95 for the most exposed sites and next most exposed sites. It remains uncertain whether 

this average is reliable or whether it is a result of inaccuracies in the underlying data and 

parameters. 

The differences between the SCM and DCM can be attributed to two main areas of uncertainty. 

The first is uncertainties in the knowledge about how the systematic errors behave. Here there 

are two subareas to consider. The first is knowledge about how much precipitation is going 

unmeasured, for example if the reference being used during a field inter-comparison is 

somehow biased, this will affect the entire correction. The second subarea of uncertainty is 

knowledge about what processes control the systematic errors observed. If variables which 

affect the systematic errors are inadequately accounted for, either through over-simplification 

or incorrect parameterisation, the relevance of the knowledge when expanded to other locations 

may be reduced. This leads to the second main area of uncertainty: how the base knowledge is 

extrapolated to predict systematic errors for the operational gauge network. Here uncertainties 
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stem from uncertainties in the assumptions made about the conditions at the stations themselves 

when precipitation is measured. In summary, and to be more particular, the differences are 

mainly due to a combination of uncertainties about i) how strongly gauge level wind speeds 

affect the catch ratio and ii) what are the gauge level wind speeds. 

It is well established that gauge level wind speeds affect the catch ratio differently for different 

gauges (Goodison et al., 1998). This is accounted for in the DCM implementation by using 

model equations derived specifically for the SMHI manual gauge, although differences 

between manual and automatic gauges is not accounted for. However, results from the WMO 

solid precipitation inter comparison study (Goodison et al., 1998) also show that different 

locations show different correlations between catch ratio and wind speeds even for the same 

gauge type (Figure 5) indicating that the climate also plays a role, presumably through its effect 

on solid precipitations character and crystal structure. Hanssen-Bauer et al. (1996) found that 

the model equations developed using Jokioinen equations over-predicted the undercatch when 

evaluated against inter comparisons in Norway. This could be due to the drier continental 

climate of southern Finland creating more feathery snow particles compared to the more humid 

coastal climate of Norway. While temperature is accounted for in the DCM models, humidity 

is not. Sweden could be expected to have snow characteristics somewhere in between that of 

Norway and Finland and also, due to it being a long country stretching through several snow 

zones, these characteristics could be expected to vary throughout the country. 

 
 

Figure 5a  Catch ratios from 11 intercomparison sites 

used in the WMO Solid Preciptiation 

Intercomparison. (T > -10°C) (From Goodison et al., 

1998) 

Figure 5b Predicted catch ratios using Jokioinen DCM 

model equations for (green) Shielded Tretyakov and 

(blue) SMHI guage. (T = -10°C). Black line is the 

predicted catch ratio for intercomparison sites 

from Figure 5a. 

Differences in the effect of wind loss between manual and automatic gauges is accounted for 

in the SCM based on findings that annual precipitation for the automatic network are found to 

exceed annual precipitation for the manual network by between 5 % and 10 % (Alexandersson, 

2000; 2003). This is not accounted for in the DCM since reliable equations for automatic 

gauges have not yet been established. However, like the DCM, the SCM does not account for 

differences in climatological effects on snow characteristics. Differences in the effects of 

evaporation loss and wetting loss between automatic and manual gauges are accounted for in 

both the DCM and SCM. 

Gauge level wind speeds in the DCM implementation are estimated by aggregating four 

elements of information. The first is observed wind speed at 10 m interpolated between 
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instantaneous observations made at 6 – 12 hr intervals. To obtain gauge level wind speeds a 

wind reduction formula is used (Equation 7). This formula takes a roughness coefficient and 

the average vertical angle to surrounding objects as parameters. Since information about 

average vertical angle to surrounding objects was not immediately available (although it could 

be obtained from fisheye images in a further development) these values were estimated by 

tentatively pairing recommended values for different exposure classes with the exposure 

classes defined for the SMHI stations by Alexandersson (2003). Roughness coefficients were 

not available either and recommended values for summer and winter were taken directly from 

WMO (2010). It is evident that there are numerous sources of uncertainty in this estimation. 

There is no indication that the definitions of exposure class used in Alexandersson (2003) use 

the same average vertical angle to surrounding obstacles as Dahlström (1986). Meteorological 

sites are often well protected from certain directions while being exposed from others. 

Alexandersson (2003) accounts for this by defining exposure classes according to the 

predominant wind direction for each site. This is applicable when average wind conditions are 

considered, however when daily wind conditions are used as in the DCM, this average vertical 

angle might not always apply. Also, the roughness coefficients of 0.01 for winter and 0.03 for 

summer are representative for relatively open areas. Alexandersson (2003) suggests that for 

forested areas a roughness coefficient of 1.0 would be more representative. Alexandersson 

(2003) does not explicitly give average gauge level wind speeds for the different exposure 

classes. However, assuming the DCM model equations are valid, estimates of the average 

gauge level wind speeds that are implicitly inferred can be obtained. By rewriting Equations 2 

and 3, as is done in Equations 9 and 10, and defining representative ranges for rain intensity 

and temperature, a range of wind speeds required to produce the wind loss coefficients in 

Alexandersson (2003) can be produced (Table 8). 

𝑣𝑔 =
ln(𝑘𝑙𝑖𝑞𝑢𝑖𝑑) + 0.00101 ∗ ln(𝐼) − 0.007697

0.034331 − 0.012177 ∗ ln (𝐼)
 

Equation 9 

𝑣𝑔 =
ln(𝑘𝑠𝑜𝑙𝑖𝑑) + 0.08871 − 0.011276 ∗ 𝑇

0.16146 − 0.008770 ∗ 𝑇
 

Equation 10 

The rain intensities (𝐼) used in Equation 9 and shown in Figure 6a for calculating the average 

gauge level wind speeds required for the SCM to be consistent with the DCM are the lower 

quartile, median and upper quartile of the rain intensities observed using automatic gauges 

during liquid precipitation. These are observations made outside of the reference period of 

1961-1990 but give an indication of the range of rain intensities which can be expected for 

Swedish precipitation. Similarly the gauge level wind speeds for solid precipitation indicate 

the range of wind speed required for the SCM wind correction factors to be consistent with the 

limits of the DCM (0 to -12°C, Figure 6c). 
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Figure 6 Left column: Comparison of SCM inferred and DCM observed average gauge level wind speeds (𝑣𝑔) 

for liquid (top) and solid (bottom) precipitation. SCM wind speeds are wind speeds required to produce wind loss 

factors (𝑘) used in Alexanderson (2003) using DCM model equations (Equations 2 and 3). SCM gauge level wind 

speeds are calculated for ranges of values for rain intensity (𝐼) and temperature (𝑇) (Note the inversion of the 

relationship between temperature and wind correction factor in c) plot is an artefact of Equation 3 which has a 

point of intersection around 1.1 m/s of lines plotted using different temperatures). DCM average wind speeds are 

average gauge level wind speeds for the SMHI dataset calculated using observed 10 m wind speeds and WMO 

wind reduction formula (Equation 7). Right column: Comparison of SCM wind correction factors and average 

DCM wind correction factors for liquid (top) and solid (bottom) precipitation.  

These results indicate that the wind correction factors used for liquid precipitation in the SCM 

of Alexandersson (2003) appears to be consistent with the DCM given the DCMs relationship 

between average gauge level wind speeds and wind loss (Equation 2) and the observed average 

gauge level wind speeds taking into account wind reduction (Figure 6a). This can be seen in 

the comparison of long term average corrected precipitation (Figures 3a-d) where there is 

generally a greater agreement between DCM and SCM corrected precipitation for summer 

months. For classes 4 and 5, the observed average gauge level wind speeds appear slightly 

higher than those inferred by the SCM suggesting that the average vertical angle to surrounding 

objects given in Table 4 are too low for these classes. Also, while the discrepancy is smaller 

between SCM inferred wind speeds and observed gauge level wind speeds for liquid 

precipitation compared to solid precipitation, average wind correction factors for liquid 

precipitation found using the DCM are all quite a bit higher (from 5 % higher for the more 

sheltered sites up to 18 % higher for the more exposed sites) than the wind correction factors 

used in the SCM (Figure 6b). This is unexpected since it would follow that if the relationship 

between gauge level wind speeds and wind loss are the same across models and also the average 

gauge level wind speeds are the same, the wind correction factors should be the same. The fact 

a) b) 

c) d) 
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that they are not could be explained by the lower average rain intensity generated by using 

uniformly distributed rain intensity (explained further below). Using the DCM average 𝑣𝑔 for 

each class and the average rain intensity of 0.24 mm/hr – the average rain intensity generated 

by using uniformly distributed rain intensity – gives wind correction factors closer to the 

average found using the DCM than the SCM. 

There is a larger difference for solid precipitation between the average gauge level wind speeds 

implied by the SCM wind correction factors and those estimated using observed wind speeds 

(Figure 6c). In order for the SCM to adequately correct for wind loss during solid precipitation 

(assuming Equation 3 is valid), average gauge level wind speeds at the most exposed stations 

should lie between roughly 2 and 2.5 m/s. This is between 30 % and 45 % lower than averages 

obtained from wind observation records after taking into account wind reduction. Another 

important observation is that there is a difference in average gauge level wind speeds suggested 

by the backtrack modelling of SCM wind correction factors between solid and liquid 

precipitation, a difference which is not observed at the stations. Three explanations which are 

not necessarily exclusive could cause this difference. The wind correction factors for solid 

precipitation used in the SCM by Alexandersson (2003) could be too low for the more exposed 

sites. This would bring into question the judgment that the wind induced loss during solid 

precipitation is lower than the estimates made by Eriksson (1983), Dahlström et al. (1986) and 

Førland et al. (1996). The second explanation could be that the model equation (Equation 3) 

derived from empirical observations of solid precipitation at Jokioinen implies an incorrect 

relationship between wind and wind induced loss for Swedish precipitation. This hypothesis is 

strengthened by observations made by Førland and Hanssen Bauer (1999) who found that the 

effect of gauge level wind speeds on wind induced loss was much weaker in Norway than what 

was observed in Jokioinen. The third explanation could be that the average vertical angle to 

surrounding obstacles is higher for the more exposed sites than the values used in Table 4. This 

is plausible for a number of reasons. The alpha values used in this implementation must be 

considered extremely tentative; there is no reason that the exposure classes defined in 

Dahlström et al. (1986) coincide with the definitions used by Alexandersson (2003). Indeed 

Alexandersson (2003) points out that precipitation gauges are rarely placed in so exposed sites 

as that used in Jokioinen which would suggest that an average vertical angle of 6° – that used 

for class 5 – could  constitute an extremely exposed site, and could just as likely be used for 

class 7. Assuming average wind speeds are relatively uniform, this would bring the observed 

average wind speed during solid precipitation and the average wind correction factors of both 

liquid and solid precipitation of the DCM implementation closer to those of the SCM. 

Calibrating the average vertical angles in this way however implies that the SCM is a good 

reference of corrected precipitation. This is difficult to determine since the SCM suffers the 

same problems of extrapolation as the DCM. For example, while the average DCM gauge level 

wind speeds of each class (Figure 6a) are within the range of those of the SCM, Figure 7 shows 

that there is a substantial spread of average gauge level wind speeds for the stations within each 

class. 
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a) Liquid precipitation   b) Solid precipitation 

Figure 7 Average gauge level wind speeds during a) liquid precipitation and b) solid precipitation for stations 

within each exposure class. Gauge level wind speeds are estimated wind speeds calculated using observed wind 

speeds at 10 m and Equation 7. Note that the boxplots are created using the average wind speeds of each station. 

This way stations are treated equally regardless of record length and spread within each station series. The spread 

is therefore more representative of the varying average wind conditions of stations within each class rather than 

the varying wind conditions during precipitation events. nStations within each class = [6, 25, 43, 43, 25, 12, 2] 

A problem with implementing the DCM on the operational dataset is the difficulty in 

determining rain intensity for each hour during precipitation events. For days with only 12 hr 

or 24 hr observations available, uniform rain intensity was assumed for the sampling interval. 

This is a simplification compared to other implementations such as Rubel and Hantel (1999) 

and Michelson (2004) who estimate rain intensity at a higher temporal resolution using 

synoptic stations (Rubel and Hantel, 1999) and reanalysis data (Michelson, 2004). Using 

uniform rain intensity affects the correction in several ways. First of all drop size distribution 

– which  is a critical factor when determining the propensity that falling precipitation will be 

affected by upwinds blowing over the gauge orifice – is  inferred from rain intensity. A 

hypothetical example can help to illustrate how using uniform rain intensity can affect the 

correction. First, let us imagine two days with the same observed 24 hour sum of precipitation 

and with a constant wind speed. In one case the precipitation falls constantly as a light drizzle 

throughout the day. In the other the entire days sum falls in a single hour. The correction factor 

is expected to be much higher in the first instance since the fraction of smaller drop size during 

a drizzle is expected to be much larger than during a big downpour. Therefore using uniformly 

distributed data can be expected to cause the DCM to overestimate the correction factor. 

However, a counteracting process occurs in that wind speeds can often fluctuate greatly during 

rain events due to increased energy being released in the form of latent heat. In the above 

example, if wind speeds were significantly higher during the hour that the second case received 

its downpour, the effect could be that the bias is eliminated or even reversed. However, for this 

to happen the increase in wind would have to be consistently associated with the rain event. To 

assess the effect of using uniformly distributed precipitation, wind correction factors were 

calculated for the automatic gauges during the period when one hour resolution rain intensity 

was available and then compared to the wind correction factors obtained when using 12hr and 

24hr averages of the same precipitation data. The results can be seen in Figure 8. It is evident 

that there is in fact a strong tendency for the DCM to overcorrect (on average by about 5%) 

when 12h and 24h average rain intensity is used as compared to the real time observed rain 

intensity. 
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Figure 8 Boxplot showing the difference between DCM k values calculated using the observed fluctuation of rain 

intensity (mm/h) and k values calculated using a 12h or 24h average rain intensity (mm/h). This simulates the 

effect of assuming a uniform distribution when knowledge of the true timing of rain events is missing such as 

when using 12h or 24 hr manual gauge observations. These boxplots show that there is a strong tendency that 

uniformly distributing the precipitation over a day causes the model to overcorrect compared to using observed 

rain intensities. 

The average rain intensity when rain intensity was above 0.0 mm / hr for the hourly 

observations of the automatic gauges was 0.83 mm/hr. For the same dataset, averaging rain 

intensities over 12 and 24 hours when half daily and daily precipitation was over 0.0 mm gave 

0.24 mm /hr and 0.17 mm / hr respectively. The average rain intensity used for the DCM 

correction of precipitation during the standard reference period was 0.24 mm/hr. In both cases 

mean rain intensities are given as a measure of the average even though the distribution of rain 

intensities is skewed with a higher density of lower rain intensities because the mean gives a 

better representation of the effect of the rain intensity variable (I) on the overall correction 

using the DCM than the median. 
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Figure 9 Sensitivity analysis of the DCM model equations. The models are extrapolated beyond the recommended 

limit of 7 m/s. a) shows wind correction factor as a function of temperature for wind speeds 2 m/s, 4 m/s and 7 

m/s, rain intensity 0.4 mm/hr (Equations 1-7). b) Shows wind correction factor during liquid precipitation as a 

function of wind speed for rain intensities 0.2 mm/hr, 0.4 mm/hr and 0.9 mm/hr (Equation 2). c) Shows wind 

correction factors during solid precipitation as a function of wind speed for temperatures -12°C, -6°C and 0°C 

(Equation 3). d) Shows gauge level wind speeds reduced from 10 m for roughness coefficients of 0.01 (winter) 

and 0.03 (summer) and average vertical angle to surrounding objects of 10° (Equation 7). 

Another problem encountered in the implementation is the fact that there is a limit to the 

applicability of the DCM model equations. Equations 2 and 3 were derived from datasets with 

wind speeds up to 7 m/s and temperatures down to -12°C. The reliability of corrections made 

with data outside the limits of the model – extrapolating the model to beyond the conditions 

used in the experiment – is unknown. Figure 9 shows how windy and cold conditions which 

may be uncommon but not unusual generates correction factors which are extremely high 

(Figure 9a and 9c). In this study a maximum of 7 m/s gauge level wind speed was used; all 

corrections made while wind speeds were above this were corrected with the wind correction 

factor calculated as though the gauge rim wind speed was 7 m/s. This could be considered a 

conservative approach since, from what has been observed, more wind means more wind 

induced loss – the problem is knowing how much more. Using the extrapolated model does not 

necessarily constitute the high side of an uncertainty window since the resulting correction 

factors are the side effect of using a mathematically formulated curve to fit the data within the 

limits of the data rather than being physically derived from knowledge about how wind and 

temperature affect undercatch. 

a) b) 

c) d) 
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4.2 Evaluating corrected precipitation data against snow depth 
The evaluation using a simple snow depth model shows that using the DCM produces an 

increased range of error in the correlation between newly fallen snow and the change in snow 

depth. Taking a closer look at Figure 4 shows that the correction causes a segregation of 

precipitation events with events occurring on windier days being pushed towards the bottom 

right of the daily precipitation/change in snow depth space. Revisiting the hypothesis behind 

this evaluation, if it is assumed that the catch ratio is lower on days with higher than average 

wind speeds while the rate of change in snow depth is assumed to be unaffected by wind speeds, 

it could be expected that an inverse of this gradient would be seen in the scatterplot with 

uncorrected precipitation. In other words, there would be a tendency for precipitation measured 

on windy days to be above the fitted regression line in the top left graph of Figure 4. This is 

because for each point of observed precipitation there is a corresponding theoretical “true” 

point horizontally to the right of it. On days when wind speeds are lower than average the point 

will be closer to the left of the “true” point than on days when wind speeds are higher than 

average. The correction taking into account differences in wind speeds would then move the 

points with higher wind speeds further to the right than points with lower wind speed. However, 

if this gradient of points with higher wind speeds towards the top left of the 𝑃/𝛥𝑆𝐷 space is 

present in the scatterplot with uncorrected precipitation (none is obviously apparent from 

Figure 4) the DCM visibly overcompensates for Harstena, a result which is also found for the 

other stations used in the analysis (not shown in this report). This indicates that either the DCM 

as it is implemented here is predicting a larger undercatch than is actually occurring, or possibly 

the assumption that change in snow depth is unaffected by wind speeds is wrong. A possible 

reason for this could be drifting snow. However, if the measurements are conducted according 

to recommendations in WMO (2010), this should not create a systematic bias since care is 

taken to get a representative depth taking into consideration that the snow bed can drift. Another 

possible reason which could create a bias is if the snowfall is somehow compacted by wind. 

This possibility is supported in the literature (e.g. Bilello, 1957; Roebber et al., 2003) where an 

association is found between snow density and wind speed. While Bilello (1957) conducted 

the study in coastal Arctic regions and the association is found with particularly high average 

monthly wind speeds and Roebber et al. (2003) only found minor influence of wind, the 

possibility that this effect could be seen in the evaluation of change in snow depth of this study 

cannot be neglected. 

5. Conclusions 
The aim of this study was on the first hand to assess whether a dynamic correction model could 

be implemented to improve the current estimate of true precipitation for Sweden. Taking into 

account meteorological conditions at the station on a daily basis would, hypothetically, 

improve on previous estimates from two points of view. On the first hand by upscaling 

knowledge about how the systematic errors behave during specific conditions, new knowledge 

about the magnitude of undercatch of the individual stations on average could be obtained. If 

the conditions observed at stations where undercatch was previously deemed to behave 

similarly were instead found to be substantially different, this would bring into question the 

previous assumption that the precipitation observed at those stations should be corrected 

similarly. The new dynamic correction would then give new estimates of the average 

systematic errors occurring at those stations rather than beginning with a judgement of what 

correction should reasonably be required. The second point of improvement is that the temporal 

resolution of the corrections could be improved where studies requiring sub monthly estimates 

of true precipitation could benefit from treating precipitation events differently depending on 

the conditions at the time of each event when estimating undercatch. 
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An implementation of the DCM on observed precipitation together with other meteorological 

variables observed at the same measurement station indicated that a larger correction might be 

required for stations in windy and exposed locations than is used in the SCM of Alexandersson 

(2003). Also it was found that gauge level wind speeds varied considerably for stations within 

the same exposure class, indicating that a dynamic consideration of gauge level wind speeds 

could be an improvement on static wind correction factors. 

However, it was found that due to uncertainties in the assumptions required to implement the 

DCM, the new estimates of true precipitation cannot be considered reliable. In particular, 

uncertainties about the character of obstacles and terrain surrounding the precipitation gauges 

lead to large uncertainties in the estimates of gauge level wind speeds, a variable which is found 

in other studies to be of paramount importance for the estimation of undercatch, especially 

during solid precipitation. Further, the simplification of uniformly distributing rain intensity 

over 12 h and 24 h sample periods was found to significantly affect the calculation of wind 

induced loss during liquid precipitation. 

While it is difficult to say whether the DCM is overcorrecting or the SCM is undercorrecting, 

evaluating the results of the DCM correction of solid precipitation against rates of change in 

snow depth indicated that the DCM was overcorrecting. 

Future improvements to a DCM estimate of precipitation could include i) improved estimates 

of average vertical angles to surrounding objects, possibly even taking into account varying 

exposure of the precipitation gauges to wind coming from different directions,  ii) improved 

estimates of roughness coefficients for the different stations, iii) an improved method for 

estimating rain intensity for 12h and 24 h precipitation observations and iv) updated model 

equations for estimating wind correction factor for the automatic gauges when these become 

available. 
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