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Analysis and long-term forecasting of climatic characteristics of the mountains is laborious and extremely 

difficult due to complex vertical and horizontal differentiation of climatic fields and insufficient number of 

weather stations in the region. We have developed a method for statistical forecast of average monthly 

temperature in the surface air layer and monthly precipitation for the mountain areas with an annual lead 

time.  

The method based on the description of monthly dynamics of the mentioned factors expressed in percent of 

their average annual monthly values measured in situ. Such dynamics remains the same throughout the study 

territory, regardless of its height and exposure. To convert the relative values of temperature and 

precipitation into their conventional units of measurements (°C and mm) one needs just mean annual 

January and July values of air temperature and precipitation for the territory under study. By the example of 

the Altai-Sayan mountain country, it is shown that the use of observation data for 6–7 years obtained from 

several reference weather stations ensure reliable prediction. The forecast is equally true for any part of the 

mountain country due to spatial generalization of relative changes in these factors. The universal criterion A 

for assessing the quality of various predictive methods (including those, which do not use the model quality 

indices RSR and Nash–Sutcliffe) is proposed.  

The criterion is the error of predictive method Sdiff normalized by standard deviation Sobs of observations 

from their average and equals to Sdiff/√ Sobs. It is associated with NSE and RSR indices through 

dependencies RSR = √ A and NSE = 1–RSR
2
 = 1–2A

2
. The proposed criterion was used in assessing the 

quality of temperature and precipitation forecasts; it was close to the theoretically best one for statistical 

prognoses.  
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INTRODUCTION 

 

A great number of predictive statistical and deterministic long-term predictive methods and their 

various combinations are proposed at present time (for example Siegert et al., 2017; Parton, K.A., Crean J., 

2016). The first group of methods uses statistical pattern of atmospheric processes and demands maximum 

available length and homogeneity of meteorological data sets under investigation. The second group of 

methods leans upon the physical laws of atmospheric and atmospheric-oceanic processes and describes them 

by rather complex equations, for example, in the mesoscale model WRF [Skamarock et al., 2008; Ignatov et 

al., 2019]. In the present paper, we develop a methodology of year-ahead forecast of average monthly air 

temperature and monthly precipitation in the Altai-Sayan mountain country, which is based on minimum 

data set not sufficient for indicated methods. 

The Altai-Sayan mountain country (50-54° N and 78-90°E) is a part of world watershed between 

humid zone of the Arctic Ocean and arid drainless zone of Central Asia. Its territory is a mountain watershed 

for the large Siberian rivers Ob’ and Irtysh, which form a complicated drainage network. The chosen 

territory includes Mountain Altai, a part of Salair ridge with Kuznetsk Alatau, and adjoining plains. The 

dominant mountain uplift altitudes are at 2000-2500 m and rich 3500-4500 m in the Altai. The feature of the 
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Altai-Sayan mountain country is a multiplicity of its landscapes (glacial-nival, tundra, Alpine and subalpine 

meadows, forest, steppe, and semi-desert), which are characterized by completely different climatic 

conditions [Physical-geographical..., 1968].  

The mountains are distinguished by complicated vertical and horizontal differentiation of climatic 

fields. Analysis of these fields is time-consuming and often impossible due to insufficient number of weather 

stations. We developed and statistically justified a method of spatial generalization of monthly precipitation 

and average monthly temperature of surface air, which takes into account such differentiation indirectly 

[Kirsta, 2011]. The method provides an adequate estimation of the temporal dynamics of climatic factors. 

This estimation can be made for randomly chosen parts of the territory including those where meteorological 

observations were absent. Based on the method, we propose a statistical procedure for long-term forecasting 

of air temperature and precipitation, which will be used for hydrological predictions (i.e., spring-summer 

river high water) in mountain areas with insufficient meteorological observations. 

 

 

INPUT DATA AND METHODOLOGY OF INVESTIGATION 

 

We used the data on average monthly air temperature and monthly precipitation (hereinafter 

temperature and precipitation) from 11 reference weather stations, observations at which began no later than 

1951 and continue to the present (fig. 1, table 1) [Bulygina et al.; Weather and climate...; Weather 

schedule...]. Herewith it was presumed that the meteorological factors were determined by meso- and 

macroscale atmospheric processes (atmospheric circulation, heat and moisture exchange) [Kirsta, 2011; 

Modina and Suhova, 2007]. The long-term average values of temperature and precipitation over the whole 

mountain country are shown in table 2. More detailed statistical characteristic of these factors can be found 

in [Kokorin, 2011].  

The initial monthly values of temperature and precipitation for individual years were converted into 

percentages relative to their in situ long-term average values for 1951–2016 (see below). In winter,  a 

radiation cooling of the air occurs in mountains, which flows downhill to basin bottom. This leads to 

temperature inversions, the vertical gradients of which rich summer values 0.5°C/100 m [Sapoznikova, 

1965]. Despite such changes in temperature with height, its relative values remain the same throughout the 

country [Kirsta, 2011]. In the warm period of the year with summer type of atmospheric circulation, 

temperature inversions are absent, and, with a change in height, the relative temperature values also remain 

stable. Thus, we get the uniform monthly and interannual dynamics of meteorological factors simultaneously 

for all mountain country territory.  

Statistical estimates showed that for the cold period of the year, the smallest difference in relative 

average monthly temperatures between 11 reference weather stations occurs when they are expressed as a 

percentage of the average annual temperature for January in situ, and for the warm period – for July in situ 

[Kirsta, 2011]. For relative values of precipitation for all months of the year, it was July. Averaging the 

obtained relative temperature and precipitation over 11 weather stations for each month and year gave their 

uniform spatially averaged monthly dynamics, which adequately reflected the real meteorological situation 

in any part of the mountain country. The adequacy was also confirmed via selecting one of the 11 weather 

stations in turn, the data for which was compared with the average over other stations. The conversion of the 

relative values back to common units of measurement (°C and mm) can be made by multiplying them by the 

average annual January and July values of air temperature and precipitation for the characterized site. 

Evidently, the assessment of meteorological factor dynamics that we developed for mountain territories can 

be successfully applied both for geoinformation analysis of climatic fields and in reanalysis.  

We carried out a forecast of relative average monthly air temperature and monthly precipitation for 

1984–2016 with an annual lead time by their moving averages for the previous years. To find these averages, 

we consistently used 1, 2, 3, ..., 33-year moving periods. The forecast supposed to be applied in hydrologic 

models [Kirsta et al., 2012], the accuracy of which is usually estimated using the Nash-Sutcliffe coefficient 

NSE [Koch and Cherie, 2013]. Therefore, it is advisable to use a similar NSE indicator to characterize the 

quality of the forecast. The estimation of forecast accuracy was made by criterium [Kirsta, 2011]:  

        √     ⁄  , (1) 

where A – criterium of adequacy of mathematical models and forecasts,       – standard (root-means-

square) deviation of the residuals (the difference between the corresponding values of predicted and 

observed datasets),      – standard deviation for observed values,  √ ⁄  – multiplier. 



 

It should be pointed that statistically average values of meteorological characteristic over 1, 2, 3..., 33-

year moving periods used for forecast practically do not correlate with its real oscillations in the forecast 

year. Thus, with reference to the rule of adding up the variances of random variables, the variance        
  

contains only two summands [Venttsel’, 1999]: 

       
         

        
 ,  (2) 

where       – standard deviation for the forecasted series 1984–2016.  

According to (1), the values of criterium A can vary from 0 to 1 and higher: 

– close to 0 – we have the identity of the datasets and the "absolute" accuracy of deterministic 

forecast;  

– 1/2=0,71 – the threshold at which the statistically average characteristic value used for the forecast 

coincides with the actual long-term average for the forecast years, i.e., the best forecast for the long-term 

average value occurs; 

– close to 1 – we have the same variance of the datasets at their zero covariance, that is, the forecast 

method is equivalent to random variations of meteorological characteristic around its average value with a 

variance corresponding to that of observed dataset; the method of random variations is often used in 

mathematical models to create a “natural” spread of input meteorological factor values;  

– greater than 1 – the variance of the predicted dataset is greater than that of the observed one at their 

zero covariance, so it is not practical to use such a predictive method.  

Criterium A in (1) is similar to the normalized error of forecast method. In (1), the standard deviation 

     of the observed dataset is used for normalization instead of the average value of meteorological 

characteristic. The interval A = 0.71÷1 characterizes a different adequacy of the predicted and observed 

datasets of meteorological characteristic with the best forecast at A~0.71.  

Criterium A is also similar to the known quality indicators of models RSR (RMSE-observation 

Standard deviation Ratio, where RMSE is Root Mean Square Error [Moriasi et al., 2007; Koch and Cherie, 

2013]) and NSE (Nash-Sutcliffe model Efficiency coefficient [Kosh and Cherie ,2013]). A is associated with 

them as RSR =  √  and NSE = 1–     = 1–   . Here, for sufficiently adequate mathematical models and 

forecasts, we again take into account that the average value of discrepancy between the predicted and 

observed data can be considered equal to zero due to its smallness when compared with       in (1). Relative 

to RSR and NSE, application of criterium A is wider and additionally includes an assessment of the adequacy 

of forecast by a statistically average value. 

 

 

RESULTS AND DISCUSSION 

 
To analyze the calculation results, we distinguish four periods/seasons that reflect the meteorological 

and hydrological situation in the Altai-Sayan mountain country: first (winter low-water period, XII-III 

months), second (spring-summer high water, IV-VI), third (summer low-water period, VII-VIII), forth 

(autumn low-water period with possible high water during heavy rains, IX-XI) [Kirsta et al., 2012]. Therein 

criterium A will be calculated for individual months of the year, and then averaged over each season. This 

significantly raises the requirements for assessing the adequacy of the proposed forecast method in 

comparison with the prediction of seasonal or average annual values [Gelfan, 2017]. Figures 2 and 3 show 

the values of criterium A for average monthly temperature and monthly precipitation in each season, 

depending on the length of the moving periods preceding the forecast year that were used to predict the 

average value of above-mentioned characteristics.  

We see from figures 2 and 3 that criteria A, which characterize the forecast quality for temperature and 

precipitation, is getting better fast with the increase of moving averaging period. Already at a 6–7-year 

length of the latter, criterium A reaches the best value of 0.71. Note that this independently confirms the 

adequacy of the performed spatial generalization of meteorological factors, since otherwise such result 

would not be available. With further increase in the moving period length, A values stabilize and stand for 

temperature at 0.74, 0.73, 0.78, 0.73 and for precipitation at 0.73, 0.73, 0.72, 0.73 in 1, 2, 3, 4-th seasons. 

Thus, 6–7 preceding years of observations are sufficient for an adequate forecast of relative temperature and 

precipitation with an annual lead time, without involving 30-year or even 50–80-year moving periods 

recommended for determining average meteorological values and long-term ("non-moving") forecasts 

[WMO: Calculation..., 1989, Babina and Georgiadi, 2016; Gruza and Rankova, 2004; Drozdov et al., 1965; 

Kozhakhmetova et al., 2010; Rubinshtein, 1979].  



 

Let's calculate the model quality indicators RSR and NSE discussed above. Using the average value A 

= 0.74, we get RSR =  √  =     √  = 1.0 and NSE = 1–    = 1–2(0.74)
2
 = –0.1. Both indicators fall into 

the range of unsatisfactory values RSR>0.70 and NSE<0.50 [Kosh and Cherie, 2013], that is, they are not 

suitable for assessing the quality of climatic forecasts by a statistically average value. 

 

 

CONCLUSIONS 

 

1. Changes in relative average monthly air temperature and relative monthly precipitation calculated 

by the proposed method have uniform monthly and interannual dynamics throughout the Altai-Sayan 

mountain country and its adjacent plains. To switch to the common units for measuring temperature and 

precipitation (°C, mm) at the selected site, one needs to know their long-term average monthly in situ values 

for January and July.  

2. To predict the average monthly air temperatures and monthly precipitation with an annual lead time, 

it is sufficient to have their statistical averages for the 6–7 preceding years. The forecast is carried out 

simultaneously for any part of the mountain country due to the spatial generalization of the relative changes 

in these factors for several reference weather stations. This property significantly distinguish it from the 

traditional forecasts based on long-term trends of climatic factors.  

3. A universal criterium is proposed to assess the quality of various predictive methods and models, 

including those for which the known RSR and Nash-Sutcliffe indicators are not applicable. The quality of 

forecasted temperature and precipitation is close to the theoretically best one.  

 

The work was performed within the framework of the Research Program of the Institute for Water and 

Environmental Problems SB RAS with partial financial support of RFBR (grant No. 18-45-220019 r_a). 
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Table 1. Geographical characteristics of selected reference weather stations 
No Station Index WMO Latitude Longitude Altitude a.s.l., m 

1 Biysk-Zonal
1
 29939 52° 41' 84° 56' 222 

2 Zmeinogorsk
2
 36038 51° 09' 82° 10' 354 

3 Kamen-na-Obi
1
 29822 53° 49' 81° 16' 127 

4 Kara-Tyurek
2
 36442 50° 02' 86° 27' 2601 

5 Kuzedeevo
3
 29849 53° 20' 87° 11' 293 

6 Kyzyl-Ozek
2
 36055 51° 54' 86° 00' 324 

7 Rebriha
1
 29923 53° 05' 82° 20' 218 

8 Slavgorod
1
 29915 52° 58' 78° 39' 125 

9 Soloneshnoe
2
 36045 51° 38' 84° 20' 409 

10 Ust-Koksa
2
 36229 50° 16' 85° 37' 977 

11 Yaylu
2
 36064 51° 46' 87° 36' 482 

Note: 1 – plains adjacent to Mountain Altai; 2 – Mountain Altai; 3 – Kuznetsk intermountain basin. 

 

Table 2. Long-term average values of air temperature and precipitation of the study area (1951–2016) 

Climatic 

characteristic 

Months 

I II III IV V VI VII VIII IX X XI XII 

Temperature, °C  –16.1  –14.7 –7.7 2.6 10.4 15.8 17.8 15.4 9.6 2.1 –7.2  –13.3 

Precipitation
1
, mm 21.7 19.5 22.9 40.6 59.4 70.6 83.5 72.5 50.1 51.0 41.0 30.3 

Note: 1 – calculated from the dataset for monthly precipitation at Russian stations (RIHMI-WDC, http://meteo.ru/). 
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Fig. 1. Location of the reference weather stations, the data of which were used for calculating the dynamics of 

relative air temperature and precipitation in the Altai-Sayan mountain country (Map data ©2015 Google). 

Key areas:  

Бийск-Зональная  Biysk-Zonal; Змеиногорск  Zmeinogorsk; Камень-на-Оби  Kamen-na-Obi; 

Кара-Тюрек  Kara-Tyurek; Кузедеево  Kuzedeevo; Кызыл-Озек  Kyzyl-Ozek; Ребриха  

Rebriha; Славгород  Slavgorod; Солонешное  Soloneshnoe; Усть-Кокса  Ust-Koksa; Яйлю  

Yaylu;  

Метеостанции  Weather stations; км  km.  

 

 

 



 

 
Fig. 2. Average values of criterium A for the predicted average monthly temperature in 1, 2, 3, 4-th seasons 

of 1984–2016, depending on the number of years in the averaging period preceding the prognostic year. 

Key areas:  

Критерий  Criterium;  

Количество предшествующих лет  Number of preceding years; 

сезон  season.  

 

 

 

 



 

Fig. 3. Average values of criterium A for the predicted average monthly precipitation in 1, 2, 3, 4-th seasons 

of 1984–2016, depending on the number of years in the averaging period preceding the prognostic year. 

Key areas:  

Критерий  Criterium;  

Количество предшествующих лет  Number of preceding years; 

сезон  season.  

 


