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I. Evaluation of the Magnitude of Channel Infiltration 

In order to quantify the amount of water lost as channel infiltration in our calibrated 

model with channel infiltration enabled, we executed WRF-Hydro configured as the NWM, with 

the same calibrated parameters as the NWM with channel infiltration, but with channel 

infiltration disabled. The accumulated streamflow at WGEW gauge 1 from both of these 

simulations is shown in Figure 1. This figure demonstrates that water reaching the outlet of 

WGEW is reduced by 21.73% when channel infiltration is activated. These results demonstrate 

that channel infiltration may be underestimated, and this may have been due to the assumption 

that the multiplication factor for the ChannK parameter was assumed to be no more than 1, thus 

ChannK could not be higher than the local soil conductivity (DKSAT), computed from 

STATSGO soil. 

II. Model Skill Scores Excluding Zero Streamflow Events 

Table 1 of this document shows all the equivalent skill scores in Table 5 of the 

manuscript, but all evaluation metrics here are computed omitting time steps when both the 

observed and modeled streamflow are zero. Analysis of this table shows that omitting cases with 

zero flow nominally reduces model skill scores, as we would expect; however, altering our 

evaluation metrics in this way has very little effect on the relative skill score of each model 

configuration, and thus it does not change the results or conclusions of the manuscript.  

III. Streamflow in WGEW and the Babocomari Basin with NLDAS-2 Forcing 



 Figure 2 shows streamflow for WGEW, as in Figure 8 of the main manuscript document, 

but with NLDAS-2 forcing. This figure demonstrates that calibrating the NWM with channel 

infiltration produces correlation coefficients that are the same or slightly higher than the model 

calibrated without channel infiltration. Calibration significantly reduces bias and improves KGE, 

and Figure 2 demonstrates that there is added value when channel infiltration is included as well. 

The low coefficient of variation bias is also reduced in magnitude when channel infiltration is 

included, indicating that this solution has less tendency to underestimate model variance.  

 In the Babocomari basin, there is added value from channel infiltration, in that the 

calibrated simulation with channel loss has lower bias and higher correlation coefficients in both 

the calibration and evaluation periods (Figure 3). In the calibration period, utilizing channel loss 

does reduce coefficient of variation bias errors. The evaluation period is associated with 

substantial high bias. This is reduced with channel infiltration and calibration, but not eliminated 

entirely, suggesting some possible non-stationarity. The coefficient of variation errors are 

different across the evaluation period, with the calibrated model with channel loss producing the 

most high coefficient of variation bias, despite improvements in model skill elsewhere. 

 Analysis of Figures 2-3 indicates that NLDAS-2, at times, produces excessive winter 

runoff and sometimes produces warm season runoff at incorrect times. While the errors 

associated with NLDAS-2 precipitation are beyond the scope of this paper, these results 

demonstrate added value of channel infiltration despite NLDAS-2 precipitation uncertainties. 

IV. Deep Soil Moisture in Babocomari Basin 

 Tables 2-3 of this document show soil moisture skill scores for deeper soil in the 

Babocomari basin. Noah-MP level 2 (10-40 cm) soil moisture is compared with 20-cm NOAA 

HMT observations, and Noah-MP level 3 (40-100 cm) is compared to 50-cm NOAA HMT 



observations in these Tables. These results are also shown in Figure 11 of the manuscript. These 

results demonstrate that the effects of calibration on correlation coefficient are generally mixed 

and tend to vary with each site or forcing dataset. The most consistent pattern is that the 

calibration without channel infiltration, which causes less surface runoff and more baseflow and 

ET, reduces soil moisture bias the most. As the streamflow in these calibrated simulations is 

poor, it is unclear whether this reduced deep soil moisture bias is for the correct reasons. The 

high bias of soil moisture in the deep levels, with the exception of the 50-cm Elgin, AZ 

observation, may be due to the imposed no-flow conditions at the bottom of the Noah-MP LSM 

that prevent deep groundwater recharge. This will need to be investigated in the future, as the 

groundwater parameterization for WRF-Hydro is further developed. In these tables, reductions in 

KGE often follow increased biases. As noted in the discussion in the main text of this paper, we 

suggest that soil moisture data should play a role in future calibration efforts (section 5.b). 

V. Possible Stage-IV and NLDAS-2 Errors in the Babocomari Basin  

 NOAA HMT accumulated precipitation measurements, including Freeman Springs, AZ 

(located in the upper Babocomari River basin) and Whetstone, AZ (located in the lower 

Babocomari River basin, near the outlet to the San Pedro River) are plotted in Figure 4 of this 

document, alongside NCEP Stage-IV precipitation from the corresponding grid points. It should 

be noted that the Whetstone, AZ site had a missing funnel on its precipitation gauge for much of 

the analysis period, so these data are likely subject to errors (Robert Zamora, NOAA 

OAR/ESRL/PSD, Personal Communication 2017). As discussed in the manuscript and shown in 

Figure 11, these plots show that the evaluation years were considerably wetter in the Babocomari 

basin. This wetter period, which was different in the calibration years, might explain why all the 

calibration solutions in the Babocomari basin still had a high streamflow bias in these later years. 



The accumulated streamflow during this period also shows that gauge and radar precipitation 

measurements are often not 1:1, which at least partially explains the poor correlation coefficients 

between observed and modeled streamflow in both the Babocomari River and Walnut Gulch, 

particularly during the evaluation period. This limitation of NCEP Stage-IV data will need to be 

considered as larger scale calibration efforts are executed across other basins in the western 

CONUS. 

  



Table 1: NWM WRF-Hydro daily streamflow skill scores after calibration, including from 

left to right: Correlation Coefficient, Coefficient of Variation Percent Bias, Percent Bias, 

and KGE. Skill scores with an asterisk symbol (*) indicate where calibration reduced the 

model skill. The evaluation period encompasses all years in the WY2009-2016 period 

outside of the specified calibration period. Metrics are computed with zero data omitted. 

Basin/Gauge Forcing Precip. 
Calibration 

Years COR CV %Bias %Bias KGE 

Calibration Period 

Walnut Gulch WGEW-gauge 2011-2013 0.9421 -1.0158 -0.0994 0.9410 

Walnut Gulch NL WGEW-gauge 2011-2013 0.9420 -15.0190 9.8052 0.8679 

Walnut Gulch Stage-IV 2011-2013 0.9415 2.1154 -0.0043 0.9378 

Walnut Gulch NL Stage-IV 2011-2013 0.9392 -6.8931 3.1255 0.9209 

Babocomari River Stage-IV 2009-2011 0.7659 -3.6522 2.6121 0.7642 

Babocomari River NL Stage-IV 2009-2011 0.6527* -45.8413* 67.6339 0.2342 

Walnut Gulch NLDAS-2 2011-2013 0.5840 -5.2913 0.3365 0.5810 

Walnut Gulch NL NLDAS-2 2011-2013 0.6012 -25.8172* 11.7025 0.5504 

Babocomari River NLDAS-2 2009-2011 0.4233 -11.1052 7.3702 0.4169 

Babocomari River NL NLDAS-2 2009-2011 0.4221 -38.0215* 18.2809 0.3377 

Evaluation Period 

Walnut Gulch WGEW-gauge 2011-2013 0.8583 -37.7461 7.6912 0.6331 

Walnut Gulch NL WGEW-gauge 2011-2013 0.8385 -48.8372* 40.8510 0.4794 

Walnut Gulch Stage-IV 2011-2013 0.4761 -41.8417 18.7505 0.3633 

Walnut Gulch NL Stage-IV 2011-2013 0.4864 -50.8070* 22.4752 0.3128 

Babocomari River Stage-IV 2009-2011 0.2910* 16.6827* 88.2720 -0.6475 

Babocomari River NL Stage-IV 2009-2011 0.6527* -45.8413* 67.6339 0.2342 

Walnut Gulch NLDAS-2 2011-2013 0.4168 -7.6155 59.8780 0.0376 

Walnut Gulch NL NLDAS-2 2011-2013 0.4666 -34.9931 119.4619 -0.3761 

Babocomari River NLDAS-2 2009-2011 0.2700 40.3672* 324.8557 -4.9769 

Babocomari River NL NLDAS-2 2009-2011 0.2366 12.7921 421.1274 -5.4893 

 
  



Table 2: NWM WRF-Hydro Noah-MP level 2 (10-40 cm) soil moisture skill scores, 

compared to areal averages of 20-cm Babocomari River soil moisture measurements, are 

shown in the top rows. Equivalent data from Noah-MP level 3 (40-100 cm) and 50 cm 

Babocomari River soil moisture measurements are shown in the bottom rows. The model is 

forced with Stage-IV precipitation. Soil moisture skill scores are based on hourly data. 

Evaluation 

Metric Control (w/loss) 

Calibration (no 

loss) 

Calibration 

(w/loss) 

Elgin, AZ 20-cm Soil Moisture 

Percent Bias 71.0517 58.5135 73.9475 

Correlation Coef. 0.6339 0.6172 0.6215 

KGE -0.0063 0.0776 -0.0208 

Freeman Springs, AZ 20-cm Soil Moisture 

Percent Bias 114.8058 99.5019 118.0709 

Correlation Coef. 0.6883 0.7039 0.6819 

KGE -0.2731 -0.1387 -0.2962 

Whetstone, AZ 20-cm Soil Moisture 

Percent Bias 22.1080 11.6090 23.4290 

Correlation Coef. 0.7063 0.7259 0.7032 

KGE 0.2615 0.2970 0.2621 

Elgin, AZ 50-cm Soil Moisture 

Percent Bias -42.0251 -45.5754 -40.9831 

Correlation Coef. 0.6327 0.6182 0.6267 

KGE -0.0223 -0.0392 -0.0148 

Freeman Springs, AZ 50-cm Soil Moisture 

Percent Bias 43.0194 34.6414 45.1203 

Correlation Coef. 0.4783 0.5277 0.4936 

KGE 0.1014 0.1658 0.1105 

Whetstone, AZ 50-cm Soil Moisture 

Percent Bias 30.0229 20.0346 31.4026 

Correlation Coef. 0.3944 0.4337 0.4019 

KGE 0.1016 0.1652 0.1072 

 

  



Table 3: NWM WRF-Hydro Noah-MP level 2 (10-40 cm) soil moisture skill scores, 

compared to areal averages of 20-cm Babocomari River soil moisture measurements, are 

shown in the top rows. Equivalent data from Noah-MP level 3 (40-100 cm) and 50 cm 

Babocomari River soil moisture measurements are shown in the bottom rows. The model is 

forced with NLDAS-2 precipitation. Soil moisture skill scores are based on hourly data. 

Evaluation 

Metric Control (w/loss) 

Calibration (no 

loss) 

Calibration 

(w/loss) 

Elgin, AZ 20-cm Soil Moisture 

Percent Bias 69.3131 45.4230 50.0920 

Correlation Coef. 0.5946 0.5964 0.6020 

KGE 0.0151 0.1525 0.1285 

Freeman Springs, AZ 20-cm Soil Moisture 

Percent Bias 111.4760 81.8055 87.3593 

Correlation Coef. 0.6581 0.6896 0.6922 

KGE -0.2434 0.0086 -0.0343 

Whetstone, AZ 20-cm Soil Moisture 

Percent Bias 22.4945 4.3949 8.1662 

Correlation Coef. 0.6952 0.7027 0.7083 

KGE 0.2846 0.3098 0.3072 

Elgin, AZ 50-cm Soil Moisture 

Percent Bias -42.7021 -50.1956 -48.8014 

Correlation Coef. 0.6203 0.6200 0.6208 

KGE -0.0138 -0.0567 -0.0514 

Freeman Springs, AZ 50-cm Soil Moisture 

Percent Bias 40.2134 22.3195 25.0846 

Correlation Coef. 0.4266 0.5033 0.4976 

KGE 0.1006 0.1931 0.1789 

Whetstone, AZ 50-cm Soil Moisture 

Percent Bias 29.9931 12.0276 15.6317 

Correlation Coef. 0.4042 0.4621 0.4536 

KGE 0.1473 0.2139 0.1985 

  



 
Figure 1: Accumulated streamflow for the calibrated NWM with channel loss (green) and 

the same calibrated parameters, but with channel loss set to zero (yellow). Observed 

streamflow is shown in black. 

 



 

 

 

 
Figure 2: Example of control (blue), calibrated (red), and calibrated with channel loss 

(orange) NWM streamflow for Walnut Gulch runoff Gauge 1, where the model is forced 

with NLDAS-2 precipitation. Upper panels show accumulated streamflow (left) and model 

skill scores (right). In the middle row, annual daily streamflow for WY2011 (left) and 

WY2014 (right) is shown. The bottom row shows daily streamflow for September 2012 

(left) and July 2013 (right).  



 

 

 

 
Figure 3: As in Figure 1, but for the Babocomari River, with NLDAS-2 forcing. Note that 

September 2012 (bottom left) is short due to missing data. 

  



 

 
Figure 4: Freeman Springs, AZ accumulated gauge precipitation (red) and NCEP Stage-IV 

precipitation at the same point (blue) are plotted in the top two panels for calibration 

period (WY 2009-11, left) and the evaluation period (WY 2012-15, right). The same plots, 

but for Whetstone, AZ are plotted in the bottom two panels. 

 


