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Comments: This paper is a model sensitivity study testing the effects of model snow 

cover and model ice microphysics on the formation and structure of a persistent cold-air 

pool in a wide mountain basin. The paper is clearly written and contains novel material 

worthy of publication. I recommend publication after major revision to clarify what this 

paper shows. An underlying question for any such numerical study is, can mesoscale NWP 

models reproduce realistic shallow cold pools at all, and if they do, is it ‘for the right reasons,’ 

given the well known limitations of these models–several of which are mentioned in this 

paper, such as excessive diffusion, warm biases at the surface, unrealistically warm, 

deep daytime boundary layers, etc. In the model runs presented here a cold pool is 

formed when fog is present, and the cold pool more resembles the measurements used 

for comparison, when the ice microphysics are modified to allow persistent ice fog. A 

reader may take from this that this study shows that ice fog is a necessary condition 

for strong cold pool–and thus high O3–formation in nature. I do not believe this is true, 

nor that these 3 model runs demonstrate this. I am recommending that the authors 

carefully reword their findings and conclusions to be clear about what is vs. what is not 

demonstrated as to the role of the ice fog. 

A considerable amount of profile and other measured data is available in the central 

and eastern portions of the basin, which was largely not used to verify the model re- 

sults, such as wind, temperature, and some chemical-species profiles. Since this is a 

model sensitivity study rather than a verification study, the limited measurements in the 

northwestern sector of the basin were presumably to establish that the model was giv- 

ing the right ballpark. But a statement that there were other measurements available 

that were not used, and why they weren’t, is still needed. 

 

Author Response: We thank reviewer 3 for the thoughtful review, and we have clarified the 

intent of the study in terms of “findings and conclusions to be clear about what is vs. what is not 

demonstrated as to the role of the ice fog”. We also elaborate on the role of clouds and the 

ability of the WRF model to capture the clouds. We also briefly discuss the reasons we did not 

do a more extensive validation. Further elaboration on these points is found below in the 

responses to the major comments. 

 

Comment: A reader may take from this that this study shows that ice fog is a necessary condition 

for strong cold pool–and thus high O3–formation in nature. 

 

Author Response: We have clarified the text in the paper to ensure that the reader is not 

unintentionally misled to believe that ice fog is a necessary condition for a strong cold pool. We 

agree completely with the reviewer--there have been several very strong cold pools during 



UBWOS  with very high ozone concentrations in which no ice fog was present. The intent of this 

paper regarding clouds is to point out that: 

 

1. In this particular cold air pool episode (Feb 1-10 2013), ice fog played a small but notable 

role in CAP evolution in terms of modulating the incoming solar radiation and depth of 

boundary layer 

2. Getting the WRF model to reproduce ice fog instead of liquid stratus improves model 

results  

 

As such, we have made several modifications listed below to the text to make sure this is clear.  

 

1. Abstract. We listed snow variations first followed by discussion of clouds since snow 

impacts are larger than cloud impacts 

2. Section 3.3: We expanded the discussion of clouds in simulated vertical profiles and 

added cloud profiles to Fig. 9 

3. Summary: We reworked the first two ‘key findings’ bullets listed below to make sure the 

points in the paper are clear that presence of snow has a large impact and clouds a lesser 

impact. 

 

1. The WRF mesoscale meteorological model was able to simulate a strong wintertime 

capping temperature inversion above the boundary-layer within the Uintah Basin 

irrespective of surface or cloud characteristics.    

2. The CAP characteristics below ∼ 2100 m  (stable layer intensity, vertical structure, and 

boundary-layer flows) are heavily  influenced by the presence of snow cover and are 

modulated to a lesser extent by the numerical treatment of cloud microphysics. 

 

4. We also added this statement to the discussion: 

“For example, in this study we did not investigate the impact of having no clouds on the 

CAP evolution, which may have resulted in greater radiational surface cooling, and even 

shallower mixed-layer heights than simulated with ice fog present.” 

 

 A considerable amount of profile and other measured data is available in the central and 

eastern portions of the basin, which was largely not used to verify the model results, such as 

wind, temperature, and some chemical-species profiles. Since this is a model sensitivity study 

rather than a verification study, the limited measurements in the northwestern sector of the basin 

were presumably to establish that the model was giving the right ballpark. But a statement that 

there were other measurements available that were not used, and why they weren’t, is still 

needed. 

 

Author Response: With regards to the additional data available in the basin, we believe the data 

we used was sufficient to determine whether or not the model was grossly capturing the relevant 

features of the CAP. The goal of this limited study was to obtain a sufficient numerical 

representation of the CAP dynamics within the entire basin, and Roosevelt provided a more 

central location for a targeted validation. Second, the localized nature of the drainage flows 

observed at Horsepool (Robert Banta, personnel communication) made the wind observations at 

that location potentially less representative of the overall CAP flows than at Roosevelt. Finally, 



daily profiles of the synoptic flow above the CAP were only available from the Roosevelt 

Soundings. We agree, however, that benefits will come from further analysis of observational 

data and we have added the following text to the paper: 

Section 2.1: 

“Additional profiles of wind, temperature, and chemical species in the boundary-layer available 

in the east-central portion of the basin as part of UBWOS are being examined by other 

researchers (e.g., Oltmans et al. 2014). “ 

Summary and Discussion: 

“. Fourth, additional data (particularly with regard to chemical species) exists in the east-central 

part of the basin (e.g. at Horsepool and Ouray) that could be used to evaluate meteorological and 

chemical  model performance.” 

 

Major comments: 

 

1. Fog was not persistent in the basin during the 2013 experiment. It had a diurnal cy- 

cle, forming in the early-morning hours after midnight (sometimes even after sunrise). 

The fog dissipated in late morning or early afternoon, as noted in the paper. It was not 

observed to be prevalent during the early period of formation of the cold pool, therefore 

probably not a primary driver of cold-pool formation in this basin. Did the fog in model 

runs exhibit a diurnal cycle? 

 

Author Response: Unfortunately, as discussed in the paper and mentioned by reviewer 3, all 

numerical models struggle with handling the generally thin, variable cloud layers that occur at 

different levels within cold air pools, and improving low cloud treatment in NWP remains an 

active area of research. The observed diurnal cycle of fog occurrence in the basin was not 

captured well by the WRF model. None of the simulations produced extensive fog at the onset of 

the CAP, thus reinforcing reviewer 3’s statement that the fog was not a driver of cold pool 

formation. There was a modeled diurnal cycle, however, on most days in the simulations such 

that that cloud water was maximized at night in the BASE simulation and cloud ice was 

maximized at night in the FULL simulation (new Fig. 9). However, the FULL and BASE 

simulations kept clouds on Feb 2
nd

, 5
th

 and 6
th

 when they should not have. In this study we  

documented the overall improvement in CAP depth and temperature by changing from liquid to 

ice clouds (which were observed). We have added cloud water and cloud ice to Fig. 9 and an 

associated discussion to further illustrate the differences between the BASE, FULL, and NONE 

to describe the simulated cloud occurrence, level, thickness, etc. We have also clarified the text 

(to make sure it is clear that we do not believe the fog to be a driver of cold pool formation, only 

one of the many factors that needs to be considered in CAP evolution (see earlier discussion 

points 1-4). Our focus is on the cloud impact on ‘modulating’ the cold pool depth, incoming 

solar and outgoing longwave radiation, and possibly snow albedo and ultimately ozone 

concentrations to some extent. The simple modification we have introduced (snow albedo, 

vegetation effective depth, and cloud ice sedimentation rates) resulted in a simulation that was 

improved but by no means perfect.  

 

Added/modified text 3.3 which describes diurnal cycle of modeled fog: 



“Comparing the temporal evolution of the potential temperature, cloud water and ice profiles at 

Horsepool between the BASE and FULL simulations further illustrates the impact of cloud type 

on CAP thermodynamics (Fig. 9). The 1–3 ◦C colder surface temperatures noted in the FULL 

compared to the BASE simulation are associated with extensive ice fog that occurred in the 

FULL simulation between the surface and the bottom of the capping inversion (Fig. 9a and b). 

The base of the capping inversion (approximately represented by the ~280 K potential 

temperature isotherm in Fig. 9a-b and the ~290 K isotherm in Fig 9c) associated with the top of 

the stratus clouds in BASE (Fig. 9a) averages 100–200 m higher than the top of the ice fog 

simulated in FULL (Fig. 9b). The ice and liquid clouds simulated in FULL and BASE also have 

a diurnal cycle, with higher liquid and ice cloud amounts during the night than during the day, 

but the simulated cloud occurrences are overestimated in both simulations compared to 

ceilometer observations, particularly on the 5
th

 and 6
th

 of February (Figs 6b and 9b), However, 

the surface-based depth of the ice fog in FULL is more realistic than the deeper and elevated 

stratus cloud seen in BASE and the simulated vertical temperature profile in FULL also more 

closely matches available observations (e.g., Fig. 4a and b). “ 

 

2. On those nights when fog was present for several hours before sunrise, significant 

ice on the trees, fences, and other surfaces (the authors note the presence of hoar 

frost) was often evident. In the presence of the fog, we interpreted this as riming, which 

would indicate the presence of supercooled water in the fog - not completely iced out. 

The ice-RH soundings of some of the model runs (in Fig.6c,d) indicate supersaturation 

with respect to ice, but the atmospheric sounding does not seem to. The comment here 

is that the issue of whether the real fog contained all ice or supercooled liquid water is 

not settled, and this will have an impact on the radiative properties of the fog/cloud and 

their potential for cooling the near-surface air. The satellite product, which indicated an 

ice cloud, may have been responding to the tops of the cloud/fog?? 

 

Author Response:  

 

We are fairly confident that the fog observed in the UB during 1-6 February was primarily ice 

fog for the following reasons: 

 

1. The range of -10 to -15 ᵒC is typically given as the temperature at which ice fog begins to 

play an important role (Gultepe et al. 2014), while between 0 ᵒC and -10 ᵒC super-cooled 

liquid droplets are generally observed. The surface temperatures within this UBOS CAP 

were generally well below -15 ᵒC at night (as cold as -20 ᵒC) and only briefly warmed up 

above -10 C during the afternoon for a few hours on some days. In addition, recent 

studies have shown that “Ice fog can be significantly enhanced by higher aerosol 

concentrations and increased vapor from anthropogenic sources.” (Schmitt et al. 2013). 

We hypothesize that the pollutants found within the Uintah Basin also likely enhanced 

the ice fog formation during this event.  

 



2. Visually, the thin, sometimes almost transparent fogs (with the sun showing through at 

times) we observed at our observations site in Roosevelt fitted with observations of ice 

fogs (see photos on next page), with lots of delicate crystals that had fallen and collected 

on surfaces. We believe that in a ‘riming’ situation there would be more of a ‘plastering’ 

effect on objects versus the delicate crystals observed. In summary, we believe what 

occurred in much of the fog in the UB during this CAP was most likely ‘ice-fog induced 

frost’ which looks similar to riming but with a more crystalline make-up.  Compare our 

photos from those of ice-fog induced frost from Gultepe et al. 2014. We believe the ice 

fog and light fresh snowfall falling out of these fogs is one of the reasons for the 

enhanced albedo we observed at Horsepool during this CAP. 

 

3. We observed snow crystals falling out of the fog on most mornings and depositing on 

surfaces, windshield, etc, which meant that at least some ice crystals were being formed 

within the fog and falling out.   

 

4. The daily soundings were launched near midday, when the fogs were typically tenuous 

and breaking up. Consequently, the soundings likely do not capture the supersaturation 

that was present several hours earlier.  

 

5. While these ice fogs are most common in extremely cold locales like interior Alaska, 

there is a history of them occurring in the Western US during CAPs such as those in the 

Uintah Basin (e.g., ‘pogonip’ Native American word for ice fog 

http://www.carsonweather.com/modules/myalbum/photo.php?lid=184 ) 

 

6. Since the fog layers were typically quite shallow (~100 -200 m deep) in Roosevelt, and 

with the coldest temperatures observed near the surface, the likelihood of ice fog should 

increase near the surface. Consequently, the satellite product should provide another 

verification that the clouds had significant ice content during this CAP. 

 

It  is also possible that supercooled water was also present during this CAP, particularly during 

the daytime hours before the fog dissipated, but we believe that for much of the lifecycle the fog 

was likely primarily composed of mostly ice. 

 

 

https://www.umail.utah.edu/owa/redir.aspx?C=6zXP1IOneU64avfDwcvPubeYIcFvgNEIiUTn9yJC7MRJB0aauUg8rFMmyMB_s02qfdm1yTL4Olg.&URL=http%3a%2f%2fwww.carsonweather.com%2fmodules%2fmyalbum%2fphoto.php%3flid%3d184


 

Ice-fog induced frost UBOS 2 Feb 2013 (left) and from Gultepe et al. 2014 (right) 

 

 

Photos of ice-fog induced UBOS 2 Feb 2013 (left) and from Schmidt et al. 2013 (right) 

 

 

3. On p.-70, line 5, the authors refer to, “cloud water often present in the NONE sim- 

ulation (not shown).” I believe this is the only mention of cloud/fog formation in the 

no-snow case. When did this form and what were its properties? During the previous 

year’s campaign, the no-snow case in the basin was observed for the entire UBWOS- 

2012 experiment, and I believe it is well documented that little if any low cloud or fog 

was observed during that period, certainly none during the day. If the model was pro- 

ducing low cloud/fog in absence of snow cover, this would undermine the credibility of 

the results in an absolute sense, and make it more important to be clear about this 

being a model sensitivity study. 

 

Author Response: The overall cloud amount and occurrence was somewhat reduced in the 

NONE experiment compared to FULL and BASE, but some thin stratus clouds were still present 

much of the simulation. As seen in Fig. 9c, the 2
nd

 through 5
th

 had partial cloud coverage.  

A general observation we and others who study CAPs is that they often struggle with low clouds, 

and it varies from CAP to CAP. Sometimes a CAP should have clouds and the model does not 

produce any, and other times it produces too many clouds. We hope to learn more about the 



model biases and how to fix them in future studies. We agree with the fact that very little low 

cloudiness was observed during 2012 winter. However, we have observed low clouds in the 

basin at other times when there was no snow on the ground, and although it is likely less 

common, there are situations where a strong capping inversion and clouds could exist over the 

basin without snow cover.  We have added the following two sections of text to the paper to 

address this comment:  

 

“...the sensitivity of the CAP to ice-phase microphysics is minimized in the NONE simulation 

since the boundary layer over the bare ground/vegetation is too warm (i.e., higher than −12 ◦C) 

to nucleate cloud ice. The resulting liquid-phase stratus in the NONE simulation leads to 

increased longwave radiation at the surface. Finally, the cloud thickness and occurrence in the 

warmer NONE boundary-layer is reduced compared to FULL, resulting in greater incoming 

short-wave radiation (Fig. 9c). 

“The modelled afternoon mixed layer depths of 400-800 m in the NONE simulation were 

somewhat less than those observed in the basin during snow-free conditions the previous winter 

(Lyman and Shorthill 2013), and clouds formed within the NONE simulations whereas clouds 

were only infrequently observed in the Uintah Basin in winter 2011-2012 when snow cover was 

absent.  However, a number of factors contribute to mixed layer depth and cloud occurrence, 

including the strength of the synoptic-scale capping inversion and boundary-layer relative 

humidity, so evaluating overall model simulation performance during snow-free conditions 

within the basin would require simulating periods when snow was not present, such as during the 

2011-2012 winter.  “ 

 

4. No runs were reported on with snow and without fog. This is why this study does not 

show that fog is necessary for cold pool formation. I don’t believe that authors make 

this claim, but I think it is important to be clear about this point, since some readers 

may see this as a “take-away” point, as discussed above. 

 

Author Response: This is an excellent point, and we have added the following sentence to the 

paper that refers to Neemann (2014). If model is configured in such a way that no clouds are 

allowed to form, then the resulting CAP is several ᵒC colder than the ice fog case. 

 

“For example, if no clouds are allowed to form during the CAP lifecycle, this results in shallower 

mixed-layer heights and a colder CAP by several ᵒC than that simulated with ice fog present 

(Neemann 2014).” 

 

 

Minor suggestions: 

 

5. p.-66, line 23: Fig. 12 has no temporal information – the previous sentence refers 

to “large changes in depth within just a few hours,” and Fig 12 is supposed to illustrate 

“this type of behavior.” 

 

Author Response: We have included a later time within the new Fig. 11b to show the sloshing 

behavior of the cold pool on the western side of the basin. 



 

6. p. -67 line 6: “(not shown)” . why is this cross section not shown? It should be added 

to Fig. 12. 

 

Author Response: Unfortunately, the cross-section of ozone at the time of the CAP tilting 

described in this figure did not effectively illustrate the impact of CAP on ozone accumulation. 

This is because it is nighttime and the CMAQ model significantly underestimated the nighttime 

ozone levels.  

 

7. p. -68, first paragraph: Without further description and motivation, this paragraph 

doesn’t make much sense. 

 

Author Response: We have expanded the discussion in this paragraph to give more background 

information and to further hypothesize on some of the physical factors playing a role in the flow 

patterns seen. The following text has been added: 

 
“Thermally-driven daytime upvalley/upslope and nighttime downvalley/downslope flows were observed 

within the basin by Lyman et al. (2013), while cross-basin elevated easterly flows 100-300 m a.g.l. 

(possibly associated with basin-scale thermal gradients) were observed in rawinsonde soundings 

between 1-6 February 2013 at Roosevelt (Fig. 4). Within the model simulations, it appears that both 

additive and destructive interactions between the cross-basin elevated easterly flows and near-surface 

daytime upvalley/upslope and nighttime downvalley/ downslope flows are occurring (Fig. 12). While 

basin-scale thermal gradients likely drive the elevated easterly flow, those gradients are at times in 

concert with and at other times interfering with more localized thermal gradients within drainages and 

along slopes. We hypothesize that the basin-scale thermal gradients are associated with either (1) 

elevated heating on the western slope of the basin, or (2) interactions between the westerly downslope 

flow, the cold air pool, and the mountain slope. “ 

 

8. p. -68, line 22: “removal of snow cover only affects the near surface 

” The previous-year’s experience of UBWOS-2012 indicates that the afternoon mixed layer 

became quite deep–often 1.5 km or more over the basin If this was not so in the model runs, 

this should be noted. 

 

Author Response: Agreed. We have added the following text to the paper: 
“The modelled afternoon mixed layer depths of 400-800 m in the NONE simulation were somewhat less 

than those observed in the basin during snow-free conditions the previous winter (Lyman and Shorthill 

2013), and clouds formed within the NONE simulations whereas clouds were only infrequently observed 

in the Uintah Basin in winter 2011-2012 when snow cover was absent.  However, a number of factors 

contribute to mixed layer depth and cloud occurrence, including the strength of the synoptic-scale capping 

inversion and boundary-layer relative humidity, so evaluating overall model simulation performance 

during snow-free conditions within the basin would require simulating periods when snow was not 

present, such as during the 2011-2012 winter.  “ 
 

9. p. -69, para 4.1: where did the mobile data come from? Attribution is needed here. 

 



Author Response: We have attributed the data to the University of Utah in the figure caption. 

 

10. p. -71, “CAP depth” discussion: the discussion seems to be about the mixed layer 

(or aerosol layer) depth, which is not the same as the CAP depth. 

 

Author Response: We agree that it is difficult to describe the mixed layer and CAP depth 

distinctly and that we should be careful in interchanging the use of CAP and mixed-layer. The 

aerosol layer depth from the ceilometers often had pollution embedded in stable layers above the 

surface mixed layer, so it is unclear to us whether there might be ozone also within the CAP but 

above the mixed layer. For this paper, we have rewritten this discussion in an attempt to clarify 

and interchanged CAP with mixed-layer in most cases as this definition relates more closely to 

the ozone concentrations as we have seen in presentations from vertical profiles of O3. 

 

 

 

11. p. -72, line 11-15: confusing – please rewrite. 

 

Author Response: In response to this and reviewer 2 comments, we have rewritten/shortened 

this statement to the following: 

 

“CMAQ model-derived estimates of ozone concentrations agree better with  observations (1) 

during the daytime than during the nighttime and (2) near the highly dense precursor emission 

sources located in the southeast quadrant of the basin (Fig. 14).”  
 

12. p. -72, lines 16-19: “two ways” – these concepts are not original to this paper, but 

have been noted as important factors since the first paper in this subject. This study 

provides support for those ideas, but I would not call them a “key finding of this study.” 

 

Author Response: We agree that this statement appeared to discount that these factors are 

already known, which was not our intention. We have re-worded that point to the following: 

 

“The numerical simulations presented herein provide additional support to previous 

observational evidence that snow cover affects ozone concentrations by (1) cooling the near-

surface layer and thereby strengthening the CAP and increasing stability further aloft, and (2) 

increasing the surface albedo and subsequent photolysis rates, contributing to rapid ozone 

production.” 

 

13: p. -74, line 10: “This study highlights the need for improvements in the represen- 

tation of snow variables” Does it? The study shows that the presence of snow vs. 

no snow is important, but doesn’t really show that a more sophisticated treatment of 

the snow would make any difference. Could be restated, “it would be interesting to see 

if” or similar. 

 

Author Response: Good point. We did not present a strong argument in this paper about the 

impacts of changing the albedo/vegetation cover on the CAP simulation. However, the 



comparison of the snow vs. no snow case points out how important snow is, and in other 

simulations we did find some improvements when including a more realistic albedo value. For 

this paper, we have reworded this section to the following: 

 

“The impacts of modifying the albedo from the default NAM initialization to that observed 

(an increase of 0.17, see Section 2.2) on the CAP meteorology were relatively small (not shown). 

However, larger impacts resulting from modest changes in snow albedo are likely to be observed 

within photochemical models (e.g., Ahmadov et al. 2014). Because of the spatio-temporal 

variability of snow depth and albedo within the Uintah Basin during winter seasons, the need for 

more sophisticated  representation of snow variables in meteorological and air quality models in 

this region is apparent, and worthy of future research to better quantify the impact of these 

improvements on ozone simulations. Proper treatment of both the spatial extent of snow cover as 

well as the snow surface using a snow physics model driven by local atmospheric and chemical 

properties (e.g., the three-layer snow model within Noah Multi-Parameterization land surface 

model; Niu et al., 2011) may be needed to obtain a sufficiently accurate evolution of the 

snowpack and surface albedo. “ 

 

 

 


