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Text S1. Quality Assessment of Climate Network Data 

S1.1. Medora PRISM vs. Medora USCRN Monthly Data 

 Scatterplots of monthly values of Tmax, Tmin, Tmean, and Pmon obtained from 

the PRISM and USCRN datasets are presented in Figures S2-S5 for Medora, North 

Dakota. Data points are for October 2004-December 2020 (N = 195). PRISM monthly 

values were taken from PRISM Climate Group (2019); USCRN monthly values were 

computed from daily values obtained from National Centers for Environmental 

Information (2019). Summary statistics include the mean and standard deviation of each 

variable, the Pearson correlation coefficient (r) of each paired dataset variable, its level 

of significance (p), and the mean absolute error (MAE). Monthly PRISM totals averaged 

0.50°C greater for Tmax, and 0.65°C cooler for Tmin than the USCRN totals (Table S1). 

Daly et al. (2008) also found larger MAE values for Tmin than for Tmax due to the 

sensitivity of Tmin to cold air drainage even in areas of gentle terrain. The differences 

compensated for one another such that PRISM Tmean averaged only 0.1°C less than 

the USCRN data. 

 The comparison of Pmon values between the PRISM and USCRN datasets 

produced slightly weaker results (r = 0.952), which is consistent with Behnke et al. 

(2016). Precipitation in the Northern Great Plains is concentrated in summer and highly 

convective in origin, so the MAE of 6.9 mm between the PRISM and USCRN totals is 

quite strong. The scatter of values between the PRISM and USCRN values increases at 

higher Pmon totals (Fig. S5). Lower Pmon totals result frequently from precipitation 

events of more spatially uniform frontal origin, while higher Pmon totals are produced 

more frequently by spatially heterogeneous precipitation events of convection origin.  

S1.2. Dickinson PRISM vs. Dickinson USHCN Monthly Data 

 The comparison of the PRISM and USCRN datasets for Medora provide the best 

assessment of the suitability of the PRISM dataset for assessing long-term climate 

variation at TRNP-SU but are limited by the 16-year USCRN period-of-record. To further 

assess the suitability of the PRISM dataset for our study site we conducted a 

comparison of monthly values from the Dickinson Experiment Farm USHCN site against 

values from NDAWN interpolated at the Dickinson Experiment Farm coordinates 

(46.8911°N, -102.8111°W). Comparison variables included monthly Tmax, Tmin, 
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Tmean, and Pmon. Comparisons were made for three periods: January 1895-August 

2014, January 1895-December 1959, and January 1960-August 2014 to evaluate how 

the quality of the data comparisons changed over the PRISM period-of-record. 

Summary statistics for the three periods of paired data variable comparisons are given 

in Table S2. Scatter plots of monthly Tmax, Tmin, Tmean, and Pmon for 1960-2014 are 

shown in Figures S6-S9. The MAE for the Tmin comparisons were also larger than for 

Tmax, like the results from the Medora PRISM-USCRN comparisons.  

 MAE values were smaller for the more recent 1960-2014 period than for the 

earlier full period-of-record, but MAE values were quite acceptable for the full period-of-

record. For the study period 1960-2019, interpolated PRISM values for Tmax, Tmin, and 

Tmean were less than the USHCN values by an average of 0.3°C, 0.1°C, and 0.2°C, 

respectively. Monthly PRISM Pmon averaged only 0.3 mm more than for the USHCN 

data. As in Fig. S5, the scatter of Pmon values increased with increasing precipitation 

amount due to the transition in the frequency of precipitation events of less intense 

frontal precipitation to more intensive convective precipitation.  

S1.3. Medora USCRN vs. Dickinson USHCN/D Daily Data  

Scatterplots of daily values of Tmax, Tmin, and Tmean from the Medora 7 E 

USCRN and Dickinson Experiment Farm USHCN/D datasets are presented in Figures 

S10-S12, respectively. Data points are for 1 October 2004 through 31 December 2011 

(N = 2633), and comparison statistics are given in Table S3. The daily Tmax values for 

the Dickinson Experiment Farm USHCN/D site averaged 0.8°C more than for the 

Medora 7 E USCRN site, and 2.1°C less for Tmin (Table S3). Because the differences 

were of opposite sign daily Tmean values for Dickinson were only 0.6°C lower than for 

Medora. The 105.2 m lower elevation for the Dickinson site than for the Medora site 

could contribute to its higher average Tmax value.  
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Text S2. Methodology 

S2.1. Medora Snow Fraction Trend  

 Figure S13 shows the time series of the fraction of annual precipitation that falls 

as snow (SFrac) based upon the method of Legates & Bogart (2009). The SFrac time 

series shows an upward trend from 1896-2019, increasing at a rate of less than 0.01 

decade-1 (Table 2).  

S2.2 Climatic Water Balance Parameters and Variables 

The climatic water balance model includes six input parameters: runoff factor 

(fraction), direct runoff factor (fraction), soil moisture storage capacity (mm), rain 

temperature threshold (°C), snow temperature threshold (°C), maximum snowmelt rate 

of snow storage (fraction). All input parameters were set to their default values since 

sensitivity tests showed that model results vary little across a wide range of input 

parameter values (Table S4) (Hay & McCabe 2002). These sensitivity tests included a 

station in central North Dakota that showed little sensitivity of model results to the range 

of input parameter values.  

Model output variables are presented in Table S5; they include climate year 

annual precipitation (Pann, mm), annual potential evapotranspiration (PET, mm), annual 

actual evapotranspiration (AET, mm), annual precipitation minus annual potential 

evapotranspiration (PMPE, mm), annual moisture deficit (PET−AET, mm), mean annual 

soil moisture storage (SM, mm), ratio of annual AET to annual PET (AET/PET, fraction), 

annual cumulative snow storage (SnowStor, mm), annual runoff total (ROTotal, mm), 

and annual moisture index (IM100).  

Text S3. Complete Medora Climatic Water Balance Results 

 The revised Thornthwaite-type climate classification is a soil moisture-based 

classification that examines the combined effects of thermal and moisture conditions 

upon plant growth (Feddema 2005). Six moisture types (IM100) are determined, where  

-100 ≤ IM100 ≤ 100 (Grundstein 2009). The mean IM100 value of -31.2 for the period 

1960-2019 falls within the dry moisture type (Table 3). 

  Long-term plots of most climatic water balance output variables listed in Table 

S5 are shown in Figures S14-S20. Plots of mean annual soil moisture storage (SM) and 
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annual moisture index (IM100) are given in Fig. 5 and 6. All plotted values are for a 

climate year running from running from April of year i through March of year i+1. 

Individual year values are shown (symbol), along with a nine-term binomial filter (black 

curve); both are shown for the full period of record from 1895-2019 (N=125). A Pearson 

regression line (red line) is fitted to the study period of 1960-2019 (N=60). 

 

 

Table S1. Mean (X), standard deviation (SD), Pearson correlation coefficient (r), level of 
significance (p), and mean absolute error (MAE) for comparison of monthly maximum, 
minimum, and mean air temperature and monthly precipitation data between the PRISM 
and USCRN datasets. PRISM data were interpolated for the coordinates of the Medora 
7 E USCRN site, for the period October 2004–December 2020 (N = 195). 

Variable X SD r p MAE 

PRISM       

  Tmax (°C) 12.6 11.6 0.999 <0.001 0.50 

  Tmin (°C) -0.3 10.0 0.999 <0.001 0.65 

  Tmean (°C) 6.1 10.8 0.999 <0.001 0.26 

  Pmon (mm) 35.7 34.8 0.952 <0.001 6.9 

USCRN       

  Tmax (°C) 12.1 11.5    

  Tmin (°C) 0.3 10.0    

  Tmean (°C) 6.2 10.7    

  Pmon (mm) 36.7 34.8    
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Table S2. Mean (X), standard deviation (SD), Pearson correlation coefficient (r), level of 
significance (p), and mean absolute error (MAE) for comparison of monthly maximum, 
minimum, and mean air temperature and monthly precipitation data between the PRISM 
and USHCN datasets. PRISM data were interpolated for the coordinates of the USHCN 
Dickinson Experiment Farm, ND site for the periods indicated. 

Variable X SD r p MAE 

1/1895-8/2014 (N=1436)      

PRISM  

   Tmax (°C) 

 

12.2 

 

12.2 

 

0.999 

 

<0.001 

 

0.47 

   Tmin (°C) -1.9 10.6 0.998 <0.001 0.62 

   Tmean (°C) 5.1 11.4 0.999 <0.001 0.38 

   Pmon (mm) 34.3 34.8 0.970 <0.001 4.6 

USHCN/D  

   Tmax (°C) 

 

12.2 

 

12.2 

   

   Tmin (°C) -1.6 10.5    

   Tmean (°C) 5.3 11.3    

   Pmon (mm) 34.1 36.0  

 

  

1/1895-12/1959 (N=780)      

PRISM  

   Tmax (°C) 

 

12.0 

 

12.4 

 

0.998 

 

<0.001 

 

0.53 

   Tmin (°C) -2.3 10.7 0.999 <0.001 0.67 

   Tmean (°C) 4.9 11.5 0.999 <0.001 0.42 

   Pmon (mm) 33.2 33.0 0.967 <0.001 5.0 

USHCN/D  

  Tmax (°C) 

 

11.9 

 

12.4 

   

  Tmin (°C) -1.7 10.7    

  Tmean (°C) 5.1 11.5    

  Pmon (mm) 33.1 35.0  

 

  

1/1960-8/2014 (N=656)      
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PRISM  

   Tmax (°C) 

 

12.4 

 

12.0 

 

0.999 

 

<0.001 

 

0.40 

   Tmin (°C) -1.5 10.4 0.998 <0.001 0.56 

   Tmean (°C) 5.4 11.2 0.999 <0.001 0.34 

   Pmon (mm) 35.6 36.8 0.974 <0.001 4.2 

USHCN/D 

   Tmax (°C) 

 

12.7 

 

11.9 

   

   Tmin (°C) -1.4 10.3    

   Tmean (°C) 5.6 11.1    

   Pmon (mm) 35.3 37.2    

 

Table S3. Mean (X), standard deviation (SD), Pearson correlation coefficient (r), level of 
significance (p), and mean absolute error (MAE) for comparison of daily maximum, 
minimum, and mean air temperature data between the Medora 7 E USCRN and the 
Dickinson Experiment Farm USHCN/D datasets for the period 1 October 2004–31 
December 2011 (N = 2633). 

Variable X SD r p MAE 

USHCN/D       

  Tmax (°C) 12.7 13.3 0.911 <0.001 4.29 

  Tmin (°C) -1.9 11.7 0.954 <0.001 2.96 

  Tmean (°C) 5.4 12.3 0.951 <0.001 2.96 

USCRN      

  Tmax (°C) 11.9 13.1    

  Tmin (°C) 0.2 11.1    

  Tmean (°C) 6.0 11.9    
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Table S4. Input parameter values for the climatic water balance model. 

Model parameter Parameter value 

Runoff factor (fraction) 0.50 

Direct runoff factor (fraction) 0.05 

Soil moisture storage capacity (mm) 200.0 

Maximum snowmelt rate (%) 50 

Latitude (degrees) 47.0 

Rain temperature threshold (°C) 0.0 

Snow temperature threshold (°C) 0.0 

 

 

Table S5. Output variables calculated from the climatic water balance model. All 
variables were evaluated for a climate year (Apr–Mar).  

Model variable Variable definition 

Pann Annual precipitation (mm) 

PET Annual potential evapotranspiration (mm) 

AET Annual actual evapotranspiration (mm) 

PMPE Annual precipitation−Annual PET (mm)  

PET−AET Annual PET−Annual AET (mm) 

SM Mean annual soil moisture storage (mm) 

AET/PET Annual AET / Annual PET (fraction) 

SnowStor Annual cumulative snow storage (mm) 

ROTotal Annual runoff total (mm) 

IM100 Annual moisture index  
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Fig.	S1.	Hythergraph	of	mean	monthly	air	temperature	and	mean	monthly	precipitation	at	the	Medora	7	

E,	ND	USCRN	station.	Data	are	from	the	PRISM	Norm81m	dataset	interpolated	at	the	coordinates	of	the	
Medora	 7	 E	 USCRN	 station	 for	 the	 30-year	 normal	 period	 1981–2010.	 Source:	 Barry	 and	 Hall-McKim	
(2014)	
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Fig.	 S2.	 Scatter	 plot	 of	 mean	 monthly	 maximum	 air	 temperature	 between	 the	 PRISM	 and	 USCRN	

datasets.	 PRISM	data	were	 interpolated	 at	 the	 coordinates	 of	 the	Medora	 7	 E	USCRN	 station	 for	 the	

period	October	2004–December	2020	(N	=	195).	See	Table	S1	for	r,	p,	and	MAE	values.		
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Fig.	 S3.	 Scatter	 plot	 of	 mean	 monthly	 minimum	 air	 temperature	 between	 the	 PRISM	 and	 USCRN	

datasets.	 PRISM	data	were	 interpolated	 at	 the	 coordinates	 of	 the	Medora	 7	 E	USCRN	 station	 for	 the	
period	October	2004–December	2020	(N	=	195).	See	Table	S1	for	r,	p,	and	MAE	values.		
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Fig.	S4.	Scatter	plot	of	mean	monthly	air	temperature	between	the	PRISM	and	USCRN	datasets.	PRISM	

data	 were	 interpolated	 at	 the	 coordinates	 of	 the	Medora	 7	 E	 USCRN	 station	 for	 the	 period	 October	
2004–December	2020	(N	=	195).	See	Table	S1	for	r,	p,	and	MAE	values.		
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Fig.	S5.	Scatter	plot	of	monthly	precipitation	between	the	PRISM	and	USCRN	datasets.	PRISM	data	were	
interpolated	 at	 the	 coordinates	 of	 the	 Medora	 7	 E	 USCRN	 station	 for	 the	 period	 October	 2004–

December	2020	(N	=	195).	See	Table	S1	for	r,	p,	and	MAE	values.	
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Fig.	 S6.	 Scatter	 plot	 of	 mean	 monthly	 maximum	 air	 temperature	 between	 the	 PRISM	 and	 USHCN	
datasets.	PRISM	data	were	interpolated	at	the	coordinates	of	the	Dickinson	Experiment	Farm	station	for	

the	period	January	1960–August	2014	(N	=	656).	See	Table	S2	for	r,	p,	and	MAE	values.		 	
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Fig.	 S7.	 Scatter	 plot	 of	 mean	 monthly	 minimum	 air	 temperature	 between	 the	 PRISM	 and	 USHCN	
datasets.	PRISM	data	were	interpolated	at	the	coordinates	of	the	Dickinson	Experiment	Farm	station	for	

the	period	January	1960–August	2014	(N	=	656).	See	Table	S2	for	r,	p,	and	MAE	values.		 	
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Fig.	S8.	Scatter	plot	of	mean	monthly	air	temperature	between	the	PRISM	and	USHCN	datasets.	PRISM	
data	 were	 interpolated	 at	 the	 coordinates	 of	 the	 Dickinson	 Experiment	 Farm	 station	 for	 the	 period	

January	1960–August	2014	(N	=	656).	See	Table	S2	for	r,	p,	and	MAE	values.	
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Fig.	S9.	Scatter	plot	of	monthly	precipitation	between	the	PRISM	and	USHCN	datasets.	PRISM	data	were	
interpolated	at	the	coordinates	of	the	Dickinson	Experiment	Farm	station	for	the	period	January	1960–
August	2014	(N	=	656).	See	Table	S2	for	r,	p,	and	MAE	values.		
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Fig.	 S10:	 Scatter	 plot	 of	 Dickinson	 Experiment	 Farm	 USHCN/D	 daily	 maximum	 air	 temperature	 vs.	
Medora	7	E	USCRN	daily	maximum	air	temperature	for	the	period	1	October	2004–31	December	2011	

(N	=	2633).		See	Table	S3	for	r,	p,	and	MAE	values.		
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Fig.	 S11:	 Scatter	 plot	 of	 Dickinson	 Experiment	 Farm	 USHCN/D	 daily	 minimum	 air	 temperature	 vs.	
Medora	7	E	USCRN	daily	minimum	air	temperature	for	the	period	1	October	2004–31	December	2011	(N	

=	2633).	See	Table	S3	for	r,	p,	and	MAE	values.		
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Fig.	S12:	Scatter	plot	of	Dickinson	Experiment	Farm	USHCN/D	daily	mean	air	temperature	vs.	Medora	7	E	
USCRN	daily	mean	air	temperature	for	the	period	1	October	2004–31	December	2011	(N	=	2633).	See	

Table	S3	for	r,	p,	and	MAE	values.		
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Fig.	S13.	Time	series	plot	of	snow	fraction	at	Medora,	ND	for	1896–2019	(N	=	124).	A	nine-term	binomial	

filter	(black	curve)	is	fitted	to	the	full	dataset.	A	Pearson	regression	line	is	fitted	to	1960–2019	(see	Table	
2	for	the	r,	p,	and	b	values).	
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Fig.	S14.	Time	series	plot	of	annual	precipitation	at	Medora,	ND	for	1895–2019	(N	=	125).	A	nine-term	

binomial	filter	(black	curve)	is	fitted	to	the	full	dataset.	A	Pearson	regression	line	is	fitted	to	1960–2019	
(see	Table	2	for	the	r,	p,	and	b	values).	
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Fig.	S15.	Time	series	plots	of	annual	potential	(PET)	and	actual	evapotranspiration	(AET)	at	Medora,	ND	

for	1895–2019	(N	=	125).	A	nine-term	binomial	filter	(black	curve)	is	fitted	to	the	full	dataset.	A	Pearson	
regression	line	is	fitted	to	1960–2019	(see	Table	3	for	the	r,	p,	and	b	values).	
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Fig.	S16.	Time	series	plot	of	annual	precipitation	minus	potential	evapotranspiration	(PMPE)	at	Medora,	

ND	 for	 1895–2019	 (N	 =	 125).	 A	 nine-term	 binomial	 filter	 (black	 curve)	 is	 fitted	 to	 the	 full	 dataset.	 A	
Pearson	regression	line	is	fitted	to	1960–2019	(see	Table	3	for	the	r,	p,	and	b	values).	
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Fig.	S17.	Time	series	plot	of	annual	potential	minus	actual	evapotranspiration	(PET–AET)	at	Medora,	ND	

for	1895–2019	(N	=	125).	A	nine-term	binomial	filter	(black	curve)	is	fitted	to	the	full	dataset.	A	Pearson	
regression	line	is	fitted	to	1960–2019	(see	Table	3	for	the	r,	p,	and	b	values).	
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Fig.	 S18.	 Time	 series	 plot	 of	 the	 ratio	 of	 annual	 actual	 evapotranspiration	 to	 annual	 potential	

evapotranspiration	(AET/PET)	at	Medora,	ND	for	1895–2019	(N	=	125).	A	nine-term	binomial	filter	(black	
curve)	is	fitted	to	the	full	dataset.	A	Pearson	regression	line	is	fitted	to	1960–2019	(see	Table	3	for	the	r,	
p,	and	b	values).	
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Fig.	S19.	Time	series	plot	of	annual	cumulative	snow	storage	(SnowStor)	at	Medora,	ND	for	1895–2019	

(N	=	125).	A	nine-term	binomial	filter	(black	curve)	is	fitted	to	the	full	dataset.	A	Pearson	regression	line	
is	fitted	to	1960–2019	(see	Table	3	for	the	r,	p,	and	b	values).	
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Fig.	 S20.	 Time	 series	plot	of	 annual	 runoff	 total	 (ROTotal)	 at	Medora,	ND	 for	1895–2019	 (N	=	125).	A	

nine-term	binomial	filter	(black	curve)	is	fitted	to	the	full	dataset.	A	Pearson	regression	line	is	fitted	to	
1960–2019	(see	Table	3	for	the	r,	p,	and	b	values).	
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